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ABSTRACT 
Lysosomes solve fundamental obstacles to the evolution of complex life forms. 
Lysosomes sense and maintain cellular metabolic stores and ensure their judicious use. More 
importantly, lysosomes respond to changes in osmotic conditions to maintain the membrane, 
which protects life from the harsh realities of the second law of thermodynamics.  
The primordial imperatives of the first and second law of thermodynamics underlie the 
evolution of the processes regulating membrane traffic. In order to meet the needs of 
maintenance of membrane integrity and osmotic stress with energy production, the endo-
lysosomal fusion machinery integrates information from the metabolic and osmotic state of the 
cell to regulate fusion activity of the endosome and receptor recycling.   
Membrane lipids orchestrate the processes of endo-lysosomal maturation. This 
Dissertation identified lipid modifiers that regulate endolysosomal maturation in response to 
metabolism and osmotic stress. We then manipulated these conditions in order to probe how the 
membrane lipid environment controls the subunit associations and function of the endo-
lysosomal machinery and the guanine nucleotide exchange factor Mon1-Ccz1 
Endo-lysosomal dynamics have evolved to impact diverse physiological processes 
including, retrograde axonal transport(Deinhardt et al., 2006), and immune activation and 
antigen loading on MHC-II(Fairn and Grinstein, 2012) and cellular signaling systems such as 
insulin(Lodhi et al., 2008) and Wnt(Taelman et al., 2010). 
By examining the mechanisms of control in their evolutionary context, one gains a better 
understanding of a complicated cellular process underlying diseases such as autoimmunity, 
Alzheimer’s disease, and Diabetes Mellitus. 
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CHAPTER 1:  INTRODUCTION AND STRATEGY 
 
The endo-lysosome ensures both the maintenance of membrane integrity(Saftig and 
Klumperman, 2009) and the judicious use of cellular metabolic stores, and coordinates 
metabolism between the various cellular organelles(Hönscher et al., 2014). Lysosomes degrade 
macromolecules, and serve as a storage vesicle of amino acids, metal ions and polyphosphate(Li 
and Kane, 2009). In humans, lysosome related organelles have evolved specialized functions and 
include melanosomes, platelet dense granules, and cytotoxic T cell granules(Saftig and 
Klumperman, 2009). 
The protein and lipid machinery of endo-lysosomal trafficking are largely conserved 
from yeast to human. Human lysosomes and the yeast vacuole are functionally equivalent and 
vacuoles from Saccharomyces cerevisiae are an excellent model with which to examine the 
process and regulators of endo-lysosomal fusion.  Yeast are genetically tractable, and it is easy to 
express lipid-binding fluorophores or apply tags to proteins for isolation of protein complexes or 
study of protein-protein interactions. In addition, numerous tools have been engineered with 
which to probe the various stages of endosomal maturation and membrane fusion. 
Vesicular transport to the vacuole involves the budding, transport, tethering, and fusion 
of membrane enclosed vesicles. Contemporaneously, vesicles must sort large amounts of protein 
and membrane lipids along distinct transport pathways(Lemmon and Traub, 2000). To achieve 
this, vesicular transport follows a precise, ordered progression where the coordinated regulation 
of membrane lipids, SNAREs(Jahn and Scheller, 2006) and GTPase tethers, define the 
membrane compartment identity along its route.  
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Rab GTPases mark compartmental identity and coordinate the tethering factors that 
mediate membrane fusion in the endo-lysosomal transport pathway(Wandinger-Ness and Zerial, 
2014). In vesicular transport, Rabs work in conjunction with a large tethering complexes such as 
the Exocyst, TRAPP, or HOPS. This tethering complex controls both the trafficking and fusion 
of vesicles(Yu and Hughson, 2010). Membrane fusion is catalyzed by SNARE proteins (soluble 
N-ethylmaleimide-sensitive factor attachment protein receptors) and specific sets of Rabs and 
SNAREs proteins function in different trafficking pathways(Burri and Lithgow, 2004). 
Vesicles fuse with the vacuole by a variety of different routes(Bowers and Stevens, 2005; 
Feyder et al., 2015). During direct transport from the Golgi to the vacuole, vesicles formed at the 
TGN (Trans-Golgi Network) are directly targeted to the vacuole via the alkaline 
phosphatase(Feyder et al., 2015) or AP-3 pathway(Dell’Angelica, 2009). At the TGN, proteins 
are packaged into vesicles by interacting with the AP-3 complex. This pathway transports protein 
fusion machinery to the vacuole including the SNARE Vam3 and the vacuolar casein kinase, 
Yck3. 
Indirect transport to the vacuole occurs via the VPS (vacuolar protein sorting) pathway. 
The VPS pathway transits from the Golgi to early endosomes which then fuse and progress to 
multi-vesicular bodies and eventually to the vacuole(Feyder et al., 2015). This pathway includes 
the carboxypeptidase Y (CPY) pathway(Feyder et al., 2015). The CPY pathway requires Vps10 
and the PI3 kinase Vps34 and is the major transport pathway for soluble hydrolases to the 
vacuole.  
The multi-vesicular body pathway uses ubiquitin and the ESCRT complex to sort 
ubiquitinated cargo to the vacuole and is the transport pathway for Carboxypeptidase S and 
several other important vacuolar proteins(Feyder et al., 2015) 
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The Cytoplasm to Vacuole Targeting (CVT) pathway and autophagy are used to degrade 
extraneous cellular machinery in times of nutrient restriction(Teter and Klionsky, 2000). It is 
induced by amino acid starvation, glucose deprivation, or administration of Rapamycin, which 
inhibits the Tor kinase, which is the cellular “metabolic barometer”. Phagosomes and 
autophagosomes(Hyttinen et al., 2013) fuse with the vacuole and their contents are degraded by 
vacuolar proteases to produce amino acids and glucose. The vacuole import and degradation 
(VID) pathway is a form of selective autophagy regulated by Tor(Brown et al., 2010) which 
requires Vps34(Alibhoy et al., 2012). VID vesicles merge with the endocytic pathway and their 
contents are degraded in the vacuole(Brown et al., 2008). 
In the first stage of endosomal transport, plasma membrane and proteins are internalized 
by endocytosis. As endosomes fuse and mature, they progress from a Vps21/Rab5 positive early 
endosomes, through the multivesicular body to a late endosome/vacuole bearing 
Ypt7/Rab7(Poteryaev et al., 2010).  
Fusion between endosomal compartments is catalyzed by the heterohexameric tethering 
complexes CORVET and HOPS. CORVET and HOPS share a core structural unit comprised of 
Vps33, Vps18, Vps16, and Vps11 (Fig. 1.1). During maturation from an early to late endosome, 
CORVET is thought to be converted to the HOPS complex through exchanging Vps3 for Vps39 
and Vps8 for Vps41. CORVET is tethered to the membrane by Vps21/Rab5(Peplowska et al., 
2007) and HOPS is tethered by Ypt7/Rab7(Ostrowicz et al., 2010). Rab7 tethers vacuoles 
together, binds the HOPS complex to the membrane(Hickey et al., 2009) and can bind 
dynein/dynactin motors to move endosomal vesicles to the correct cellular location(Hyttinen et 
al., 2013). The HOPS bundles the SNARES, allowing fusion between donor and acceptor 
compartments(Pieren et al., 2010). 
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The heterodimeric Guanine Nucleotide Exchange Factor (GEF) Mon1/Ccz1 catalyzes the 
exchange of Rab5 for Rab7(Nordmann et al., 2010).  By controlling this committing step in 
endo-lysosomal maturation(Poteryaev et al., 2010), Mon1/Ccz1 has a large influence on the rate 
and direction of endolysosomal transport.  
The final step of endosomal transport is vacuolar fusion. This can be queried 
experimentally by examining homotypic vacuole fusion of vacuoles isolated from 
Saccharomyces cerevisiae.  Homotypic vacuole fusion occurs in 4 experimentally 
distinguishable stages: priming, tethering, docking, and membrane fusion(Wickner, 2010). 
During the ergosterol dependent priming step, Sec18 (NSF) and Sec17(α-SNAP) 
disassemble cis-SNARE bundles allowing them to participate in membrane fusion.  
The second stage, tethering, requires the Rab GTPase Rab7 and the HOPS tethering 
complex(Wickner, 2010). Acidic membrane lipids function with Rab7 as co-receptors for 
HOPS(Orr et al., 2015). Tethering results in the enrichment of select regulatory lipids(Fratti, 
2004) and the protein machinery  of membrane fusion at the vertex of the fusing vacuoles. 
Vertex enrichment of the vacuolar fusion machinery allows docking to proceed. During 
docking, one R-SNARE from a donor vacuole and three Q-SNAREs from the acceptor vacuole 
form a trans SNARE complexes.  Homotypic vacuole fusion requires the Q-SNAREs Vam3, 
Vti1, Vam7 and the R-SNARE Nyv1(Burri and Lithgow, 2004). 
During trans-SNARE pairing, Ca2+  is released from the vacuole (Merz and Wickner, 
2004). In mammalian cells it is released by the mechanosensitive(Zhou et al., 2003) transient 
receptor potential (TRP) calcium channel, Yvc1(Shen et al., 2011). Yvc1 is directly gated by 
mechanical force and is activated by PI(3,5)P2(Dong et al., 2010). The SNARE Nyv1 binds and 
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inhibits the vacuolar Ca2+-ATPase that pumps calcium into the vacuole(Takita et al., 2001) 
promoting Ca2+ release when forming trans-SNARE assemblies during the docking step. This 
step can be assayed using a fluorometric measure of Ca2+ release(Starai et al., 2005; Sasser et al., 
2012a).  Ca2+ relieves the electrostatic repulsion between negatively charged phospholipids to 
promote phosphoinositide bilayer mixing and membrane fusion and the mixing of luminal 
contents(Wickner, 2010).  
Mixing of the luminal contents can be measured by a convenient colorimetric assay 
where a donor vacuole supplies a protease that activates a phosphatase present in the lumen of 
the acceptor vacuole. Luminal mixing of donor and acceptor vacuole results in an active 
phosphatase that can convert a substrate into a quantifiable measure of fusion activity(Wickner, 
2010). 
Ions are also important regulators of vacuolar fusion(Starai et al., 2005) and numerous 
vacuolar ion transporters are implicated in the regulation of endo-lysosomal fusion(Ke et al., 
2013). Vacuolar pH is the most important, as most of the vacuolar ion transporters are coupled to 
this energy gradient. Yeast vacuolar pH typically ranges from 5–6.5. Vacuolar acidification is 
achieved by the vacuolar H+-ATPase (V-ATPase)(Li and Kane, 2009). 
The vacuolar Ca2+/H+ exchanger Vcx1 is dependent on a V-ATPase-established H+ 
gradient(Pittman, 2011) as is the Na+/H+ exchanger Nhx1(Qiu and Fratti, 2010). Nhx1 regulates 
vacuolar pH(Brett et al., 2011) and regulates the early stage of vacuolar fusion(Qiu and Fratti, 
2010). Similarly, numerous Na+/H+ exchangers have been implicated in maturation of endosomes 
in humans.   
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Life cannot exist without a membrane and thus membrane lipids are one of the oldest 
cellular signaling systems. These membrane lipids respond to the primordial imperatives of 
nutrient availability and osmotic conditions to control the process of endo-lysosomal maturation. 
These lipids segregate into membrane micro-domains which organize and coordinate the protein 
effectors of membrane fusion(Fratti et al., 2004). Regulatory lipids control the localization of the 
Rab GTPase and the HOPS complex and their association(Wickner, 2010), formation of the 
SNARE complex(Karunakaran and Fratti, 2013), as well as the Ca2+ and Na+ channel activity 
that regulates membrane fusion (Wang et al., 2012; Zhang et al., 2012).  
The endolysosome is composed mainly of phosphatidylcholine (PC), 
phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylserine (PS).  The 
cytoplasmic face contains small amounts of regulatory lipids including ergosterol, DAG, PI3P 
and PI(4,5)P2 (Fratti et al., 2004). Ergosterol is the yeast analog of cholesterol and is required to 
partition regulatory lipids into membrane micro-domains required for Sec18/ATP-dependent 
priming(Kato and Wickner, 2001). 
DAG is an important regulatory lipid in vacuolar fusion and is produced by several 
enzymes including PLC (Phospholipase C) and Pah1. PLC is implicated in vacuolar fusion(Jun 
et al., 2004) and is activated upon hypo-osmotic shock(Perera et al., 2004). PLC hydrolyzes 
PI(4,5)P2 to generate inositol 1,4,5-triphosphate (IP3) and DAG. The Phosphatidic acid (PA) 
phosphatase Pah1/Lipin1 produces DAG from PA(Siniossoglou, 2009). Pah1 plays a key role in 
progression from an early to a late endosome(Sasser et al., 2012b; Zhang et al., 2014) and the 
conversion of PA to DAG is important for the binding of SNAREs to Sec18(Sasser et al., 
2012b). 
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Phospholipase D catalyzes the hydrolysis of PC to produce choline and PA and is 
implicated in fusion of exocytic vesicle with the plasma membrane(Jang et al., 2012). DAG 
kinase (Dgk1) opposes the action of Pah1 and produces PA from DAG(Han et al., 2008). 
Phosphoinositides are also important regulatory lipids in control of endo-lysosomal 
trafficking(Viaud et al., 2015). The PI-3 kinase Vps34, produces PI3P(Cafferkey et al., 1993; 
Stack and Emr, 1994), and activates the GEF that catalyzes the Rab5/Rab7 transition(Kinchen 
and Ravichandran, 2010; Poteryaev et al., 2010; Cabrera et al., 2014). Two distinct Vps34 
complexes of differing subunit composition function in S. Cerevisiae(Kihara et al., 2001). One 
complex mediates autophagy, while the other mediates protein sorting.  
PI(3,5)P2 is required for vacuolar protein sorting(Li and Kane, 2009), vacuolar 
acidification, and regulation of the Tor kinase(Bridges et al., 2012).  PI(3,5)P2 is generated from 
PI3P by the PI-5-kinase, Fab1/PIKfyve. Fab1 is responsible for activation of the Ca2+ channel 
Yvc1 following hyperosmotic shock(Dong et al., 2010). Its activity is regulated by Vac14 and 
the PI(3,5)P2 phosphatase Fig4. These phosphoinositide are degraded by the myotubularin family 
of inositol-3-phosphatases which hydrolyze PI(3,5)P2 to PI3P and PI3P to PI(Clague and 
Lorenzo, 2005). 
PI4P is enriched at the Golgi, and regulates trafficking of cargo from the Golgi apparatus 
to the plasma membrane and the endosomal system(Szentpetery et al., 2010). PI4P is also 
required late in the endosome to lysosome protein sorting and is enriched at exocytic sorting 
hubs(Santiago-Tirado and Bretscher, 2011).  
PI(4,5)P2 is normally enriched on the plasma membrane but is also present in the Golgi 
apparatus(Tan et al., 2015) and is important in endo-lysosomal trafficking and protein 
recycling(Tan et al., 2015). PI(4,5)P2 is important in  SNARE complex remodeling by 
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Sec17/Sec18 and HOPS(Mima and Wickner, 2009). PI(4,5)P2 functions asymmetrically in 
membrane fusion(Xu and Wickner, 2010). PI(4,5)P2 stimulated vacuolar fusion when it was on 
proteoliposomes bearing the R-SNARE Nyv1, apposed to Q-SNARE proteoliposomes bearing 
PI3P(Xu and Wickner, 2010). 
The balance of fusion and fission regulates endo-lysosomal trafficking and vacuole 
morphology. Hypotonic shock and nutrient or glucose deprivation promote endo-lysosomal 
fusion while hypertonic shock inhibits fusion and promotes vacuolar fragmentation. Important 
regulators of this equilibrium include Vps1(Peters et al., 2004; Li and Kane, 2009), the PI3P-5-
kinase Fab1(Bonangelino et al., 2002), the ER resident kinase Env7 (Manandhar and 
Gharakhanian, 2014; Manandhar et al., 2014), the vacuolar casein kinase Yck3(LaGrassa, 2005; 
Brett et al., 2008), the lipid modifiers Pah1(Sasser et al., 2012b), Vps34 and the regulatory lipid 
PI3P(Raiborg et al., 2013) and the Tor kinase(Michaillat et al., 2012; Stauffer and Powers, 
2015). 
In eukarya, nutrient deprivation or osmotic stress induces the translocation of lipid 
modifiers to regulate endo-lysosomal maturation and membrane fusion. Exposure to hypotonic 
conditions or disruption of the cell membrane results in automatic fusion of the lysosomes with 
the plasma membrane to maintain integrity of the membrane(Andrews, 2005; Andrews et al., 
2014). 
Lysosomes sense nutrient and energy levels via the Tor complex(Rohde et al., 2008; van 
Dam et al., 2011). The lipid phosphatase Pah1 responds to the nutrient stress/Tor1 pathway to 
promote endo-lysosomal and autophagosomal progression. In times of nutrient deprivation, 
lysosomes digest cellular contents for sustenance during autophagy(Mizushima and Komatsu, 
2011; Suzuki, 2012) and Vps34 localizes to autophagosomes upon starvation(Alibhoy et al., 
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2012; Dall’Armi et al., 2013). Vps34 and PI3P catalyze the transition from Rab5 to Rab7 by 
activating the GEF Mon1-Ccz1(Cabrera et al., 2014) 
In contrast, hyperosmotic conditions induce vacuolar fragmentation and inhibit 
endosomal fusion. Hypertonic conditions result in dramatic increase of PI(3,5)P2(Efe et al., 
2005) on the vacuole and vacuolar fragmentation, increasing the ionic content of the cell interior. 
This prevents cell volume changes and allows activation of downstream MAPK stress response 
pathways such as the HOG1 signaling cascade (high-osmolarity glycerol)(Hohmann, 2002, 
2009). Hyperosmotic shock activates the casein kinase Yck3 inhibiting membrane fusion, and 
induces the translocation of the diacylglycerol kinase (Dgk1) to promoting vesicular recycling 
pathways. 
These conditions are manipulated in order to probe the function, subunit associations, and 
regulation of the endo-lysosomal machinery in response to the regulatory lipids controlling 
membrane fusion. 
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FIGURES 
 
Figure 1.1. The Structure of The HOPS and CORVET complexes. 
During maturation from an early to late endosome, CORVET converts to the HOPS complex, 
exchanging Vps3 for Vps39 and Vps8 for Vps41. These critical components of the endo-
lysosomal fusion machinery were determined by a combination of yeast 2 hybrid assays and 
cryo-electron tomography of glutaraldehyde crosslinked complexes. Figure from Baldehaar et al 
2013, Used with permission.  
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CHAPTER 2: THE PHOSPHATIDIC ACID PHOSPHATASE PAH1 AND THE ROLE 
OF THE CELLULAR METABOLIC STATE IN CONTROL OF ENDOLYSOSOMAL 
MATURATION  
 
Metabolic disturbance of endo-lysosomal trafficking is implicated in Diabetes Mellitus. 
Insulin resistance in diabetes results from a failure of the glucose transporter GLUT4 to sort from 
early endosomes to recycling endosomes and subsequently into insulin responsive 
exosomes(Ishiki and Klip, 2005; Bogan and Kandror, 2010; Foley et al., 2011; Bogan, 2012). 
Endocytosed GLUT4 must be recycled to the plasma membrane by recyclosome budding from 
early endosomes(Bogan and Kandror, 2010) and the diabetes drug rosiglitazone increases surface 
GLUT4 levels, in part, by increasing endocytic recycling(Martinez et al., 2010). Insulin 
signaling slows endosomal maturation by reducing GTP loading of the endosomal marker Rab5, 
and subsequent PI3P production is required to shunt GLUT4 into recycling endosomes(Shin et 
al., 2005; Lodhi et al., 2008; Bogan, 2012). GLUT4 recycles via the trans-Golgi network and  
requires the SNAREs syntaxin 6 and syntaxin 16(Shewan et al., 2010). In humans, the yeast 
Vps45 ortholog, mVps45, regulates endocytic recycling of the GLUT4 transporter(Roccisana et 
al., 2013).  
When heterologously expressed in yeast, human GLUT4 is endocytosed and recycled 
back to the plasma membrane in an ubiquitin-dependent manner identical to the yeast amino acid 
permease Gap1(Shewan et al., 2013). If amino acids are scarce, Gap1 is sent to the plasma 
membrane to transport amino acids. If amino acids are abundant, Gap1 is routed to the vacuole 
for degradation(Helliwell et al., 2001). 
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This evidence suggests that the trafficking signals of recycled nutrient transporters are 
largely conserved across evolution and much can be learned about GLUT4 recycling by the 
study of endo-lysosomal dynamics in the simpler yeast system.  
The fusion machinery is functionally and evolutionarily coupled to nutrient sensing, Tor, 
and the cellular energy state by the lipid modifying enzymes and components of the HOPS 
complex. Tor is evolutionarily descended from the lysosomal lipid kinase Vps34(Cafferkey et 
al., 1993) and Tor requires Vps34 for signaling(Kim and Guan, 2011; Jewell et al., 2013). Tor 
and HOPS co-localize to the endolysosome(Kim and Guan, 2011). The HOPS subunit 
Vps39/Vam6 is required for amino acid sensing by Tor(Binda et al., 2009; Valbuena et al., 
2012) and is used to couple metabolic communication between the lysosome and 
mitochondria(Hönscher et al., 2014). Both Tor (Kim et al., 2015) and Vps39 regulate 
autophagy(Lefebvre et al., 2014). 
Of the HOPS regulators exhibiting a functional relationship with Tor, the enzyme 
Pah1/Lipin1 is the most interesting. Previous studies in our lab demonstrated that deletion of 
PAH1 results in an arrest of endosomal maturation at the early endosome stage. Pah1Δ mutants 
exhibit an extremely selective loss of Vps39 from the endosome as well as markedly decreased 
amounts of the PI3 kinase Vps34, the GEF Mon1-Ccz1, and the Rab GTPase Rab7/Ypt7(Sasser 
et al., 2012b). This effect is dependent upon the production of DAG, as an enzymatically dead 
mutant failed to restore Rab7 recruitment (Sasser et al., 2012b) and mutants which lack vacuolar 
Vps34 retain Vps39 (Fig. 2.1).   
This arrest at the early endosome stage can be recapitulated by administration of the 
commonly administered β-blocker and PA phosphatase inhibitor propranolol(Sasser et al., 
2012b). In humans, the Tor dependent phosphorylation of the Pah1/Lipin1 regulates its release 
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from the lysosome(Peterson et al., 2011) and subsequent nuclear localization during transcription 
of fatty acid synthase genes(Peterson et al., 2011). Pah1/Lipin1 has been repeatedly linked to 
insulin resistance in diabetes(van Harmelen et al., 2006; Mlinar et al., 2008). Several studies 
have shown a correlation between the use of propranolol and the development of insulin 
resistance and increased risk of type 2 diabetes(Cruickshank, 2000, 2002; England, 2000). 
In both humans(Menon et al., 2014) and yeast(Dubots et al., 2014), Pah1/Lipin1 is 
regulated by the cellular metabolic barometer, Tor. Inhibition of Tor increases lysosome fusion 
after osmotic shock(Michaillat et al., 2012). Intriguingly, like propranolol, there is a correlation 
between the use of the Tor inhibitor Rapamycin and an increased risk of diabetes in the 
phenomenon known as “Diabetes after transplantation”(Pavlakis and Goldfarb-Rumyantzev, 
2008). 
In yeast, Pah1 integrates information from numerous cellular kinases including CDC28 
(CDK1)(Choi et al., 2011), Pho85/Pho80(Choi et al., 2012), PKA(Su et al., 2012), and PKC(Su 
et al., 2014a).  Tor regulates Pah1 activity by activating the Nem1-Spo7 protein 
phosphatase(Dubots et al., 2014). Yeast Nem1-Spo7 protein phosphatase activity on Pah1 is 
specific for the Pho85-Pho80 protein kinase phosphorylation sites(Su et al., 2014b).Nem1-Spo7-
mediated dephosphorylation of Pah1 favors its membrane association via its N-terminal 
amphipathic helix and activates the catalytic efficiency of Pah1(Dubots et al., 2014).  
Given the demonstrated importance and selectivity of Pah1 in control of endosome 
maturation and the evidence from the literature supporting a link between the cellular metabolic 
state, endo-lysosomal trafficking and Pah1, we investigated the interaction of Tor and Pah1 in 
control of endocytic progression. I hypothesized that the Tor dependent localization of Pah1 
helps control routing of endosomal vesicles to the fate of lysosome, autophagosome or recycling 
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endosome, and this has important implications for insulin signaling in humans. These changes in 
lipid composition will have distinct effects on the HOPS subunit interactions and the recruitment 
and retention of the guanine nucleotide exchange factor, Mon1-Ccz1 and Rab5 to Rab7 
conversion. 
 
RESULTS 
 
Vps34 is not required for the presence of Vps39 
Our central hypothesis is that the production of DAG by Pah1 is necessary for the 
acquisition of Vps39 and endosome maturation.  However, Pah1Δ vacuoles also lacked the PI-3-
kinase Vps34 which is important in the VPS protein trafficking pathway. Thus, an alternative 
hypothesis was that Vps39 recruitment was dependent on endosomal PI3P produced by Vps34 
To exclude this, we examined vacuoles of a mutant lacking vacuolar Vps34. Vps34 exists in 
separate functional complexes on the vacuole(Kihara et al., 2001). One, containing Vps15, 
Vps30, and Apg14, functions in autophagy. The other, containing Vps15, Vps30, and Vps38 
functions in CPY sorting. Vps15, a protein kinase present in both complexes which interacts with 
Vps34, is required for the membrane association of Vps34. We examined the protein 
complement of vacuoles isolated from the vps15Δ cells by western blot. Vacuoles from vps15Δ 
cells lacked the PI 3-Kinase Vps34 yet maintain normal amounts of Vps39 (Figure 2.1 Compare 
lanes 1 and 2). Consistent with the acquisition of Vps39 being dependent upon the presence of 
DAG rather than PI3P 
Tor inhibition leads to the accumulation of Pah1-GFP on the Vacuole  
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To explore the relationship between metabolic cues, the lysosomal lipid environment, and 
the state of the fusion machinery I characterized the context dependent localization of lipid 
modifiers during nutrient restriction, Rapamycin administration or osmotic shock. To study the 
Tor dependence of Vps34 and Pah1 recruitment to the lysosome and Vps39 recruitment to the 
HOPS complex, I used nutrient starvation or Rapamycin administration as a proxy for Tor 
inhibition(Urban et al., 2007). 
Wild type yeast cells harboring Pah1-GFP were incubated with 5 μM FM4-64 to label 
vacuoles. Cells were then washed and grown for 1 h in label-free media to chase the dye into the 
vacuole. Following vacuolar labeling cells were either treated with 100 nM Rapamycin, 
incubated in starvation media devoid of amino acids for 30-60 minutes or given no treatment, 
and then washed and mounted for microscopy.  
Lipin1 is reported to localize to endosomal membranes (Peterson et al., 2011), 
endoplasmic reticulum, and the nucleus(Choi et al., 2011). In control experiments, which were 
not performed using deconvolution, Pah1-GFP exhibited a diffuse peri-vacuolar distribution with 
occasional puncta formation(Figure 2.2). Consistent with my hypothesis, I found that 100nm 
Rapamycin resulted in an enrichment of Pah1-GFP on the endolysosome (Figure 2.2) and 
accumulation of Pah1-GFP in vacuolar associated puncta. In agreement with previous 
studies(Michaillat et al., 2012), Rapamycin pretreatment  modulated calcium channel activity. 
These results were compared to the localization of Pah1-GFP in response to starvation. 
Starvation resulted in much more marked accumulation of Pah1-GFP in vacuolar-associated 
puncta located at the vertex of fusing vacuoles (Fig. 2.2).  
Generation of Pah1-Myc 
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To compare these qualitative results with the results of quantitative in vitro biochemical 
assays, Pah1-Myc in the BJ3505 background was generated by homologous recombination. The 
plasmid pFA6a-13Myc-kanMx6(Longtine et al., 1998) was used to amplify a PCR product with 
homology to the Pah1 gene sequence. The product was transformed into yeast using lithium 
acetate transformations and transformants were selected for growth on appropriate media. 
Cellular lysates of successful transformants were examined and the successful incorporation of 
the Myc tag was verified by western blotting. Immunoblotting indicated a band of the correct 
mass (Fig. 2.3) that reacted against a commercially available anti-Myc antibody (Abcam). 
Tor inhibition results in accumulation of Pah1-Myc on the vacuole 
This Pah1-Myc strain was then used to compare vacuolar levels of Pah1-Myc in response 
to the various treatments. Cultures were subjected to Rapamycin treatment or starvation prior to 
vacuolar isolation. Isolated vacuoles were diluted to identical protein concentrations and 
examined by western blot. Consistent with the literature, application of rapamycin or starvation 
resulted in greater levels of a faster migrating band, consistent with dephosphorylation of Pah1 
by the Nem1 phosphatase (Fig. 2.4). However, in disagreement with my hypothesis and in 
disagreement with the microscopy data, rapamycin treatment decreased overall levels of Pah1 on 
vacuoles. This is likely a result of the unavoidably long starvation or Rapamycin exposure during 
vacuole isolation (approximately 3 hours). Dephosphorylation regulates the stability of Pah1(Su 
et al., 2014a) and the Pah1 is likely degraded during the prolonged isolation. 
Rapamycin treatment prolongs vacuolar calcium efflux in WT vacuoles 
Having demonstrated that Pah1 shows nutrient dependent localization, we asked if Tor 
inhibition directly regulates vacuole fusion in vitro. To answer this, we performed in vitro 
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calcium assays after the method of Merz(Merz and Wickner, 2004) and Sasser(Sasser et al., 
2012a). In assays performed using BJ3505 vacuoles, fusion reactions using vacuoles treated with 
10 or 20 nM rapamycin exhibited prolonged calcium efflux (Fig 2.5). In contrast, vacuoles given 
no addition or addition of DMSO vehicle exhibited normal calcium release and reuptake. Tor is 
known to regulate lysosomal ion channels in response to metabolic state(Cang et al., 2013) and 
this experimental result is consistent with alterations in ion channel activity. Addition of 
rapamycin to vacuolar content mixing fusion assays had little effect on vacuolar fusion as 
measured by content mixing assays (data not shown).   
Rapamycin has no effect on Dgk1 Delta vacuoles  
In yeast, Dgk1 mostly localizes to the endoplasmic reticulum(Kosodo et al., 2001) and is 
a major source(Cai et al., 2009) of vacuolar PA, the substrate for Pah1. Tor inhibition increases 
the catalytic activity of Pah1(Dubots et al., 2014). Thus, we reasoned that a vacuolar response 
due to an increase in DAG which was produced downstream of Tor inhibition would be 
abrogated in dgk1Δ vacuoles due to a lack of PA from which to produce DAG. Consistent with 
this hypothesis, treatment of  dgk1Δ  vacuoles with rapamycin prior to fusion reactions had little 
to no effect in promotion of vacuolar calcium release (Fig. 2.6), in marked contrast to the results 
observed in WT vacuoles. Calcium assays performed using dgk1Δ vacuoles (Fig. 2.6), which had 
been treated in vitro with 10 or 20 nM rapamycin, exhibited no change in calcium release and 
were in general identical to no addition or DMSO vehicle. 
Short Chain DAG has no effect on content mixing   
  Given the accumulated evidence consistent with a hypothesized role for DAG upstream 
of priming, we examined the effect of short chain analogs of PA and DAG on content mixing 
and calcium assays. Vacuole fusion reactions were treated with dioctanoyl PA (diC8-PA) or 
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dioctanoyl DAG (diC8-DAG) to query their effects on Ca2+ release and content mixing. These 
short chain analogs are water soluble but have a strong propensity to partition into membranes 
and have been successfully used to query the effect of regulatory lipids in numerous 
experimental systems including studies of ion channel activity(Wang et al., 2012) and the lipid 
protein interactions of the yeast vacuolar HOPS complex(Orr et al., 2015).  
Fusion was measured by a content mixing assay in which proPho8p (pro-alkaline 
phosphatase) is cleaved by the protease Pep4 to yield a mature alkaline phosphatase. The level of 
fusion directly correlates with Pho8 activity. Strikingly, diC8-DAG had no effect on content 
mixing (Fig. 2.9) or Ca2+ release (Fig. 2.10). Consistent with DAG activating an early stage of 
fusion which is not tested by calcium assays. 
In contrast, treatment with the metabolic precursor of DAG, diC8-PA, markedly inhibited 
vacuolar fusion (Fig. 2.7) and blunted the Ca2+ release (Fig. 2.8). Interestingly, addition of diC8-
PA to calcium assays at later time points during maximal Ca2+  efflux (Fig. 2.8, ARROW) 
immediately abrogated calcium release suggesting it actively inhibits trans-SNARE pairing. 
DISCUSSION 
 
In this study we characterized the metabolic dependent regulation of the PA phosphatase 
Pah1 and role of its product, DAG, on HOPS complex activity and vacuole fusion.  Multiple 
lines of evidence supported our central hypothesis that DAG is necessary and sufficient for the 
presence of Vps39 and endosome maturation and that Pah1 and DAG allow a endolysosomal 
lipid cascade upstream of the PI 3-kinase Vps34. In support of this, during the course of our 
studies, additional reports appeared in the literature that the mammalian ortholog of Pah1, Lipin1 
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acts in mammals to license an early step of endosomal maturation(Zhang et al., 2014) involving 
the activation of Vps34.  
Tor inhibition or starvation resulted in an accumulation of Pah1-GFP at the vacuole by 
fluorescence microscopy. However, Tor inhibition or starvation did not result in accumulation of 
Pah1-Myc on the vacuole due to the prolonged vacuole isolation. However, this experiment did 
suggests that it regulates its phosphorylation, a post translational modification known to regulate 
both its localization and activity(Dubots et al., 2014).  
Tor inhibition demonstrably leads to the accumulation of Pah1-GFP on endolysosomes 
and controls the activity of several regulators of the fusion machinery in addition to Pah1. The PI 
3-kinase Vps34 associates with the HOPS complex via UVRAG and Vps16(Liang et al., 2008). 
Inhibition of Tor promotes the association of UVRAG with the HOPS complex(Kim et al., 2015) 
to promote maturation of endolysosomes and autophagosomes. 
Recent reports highlight the role of lipid modification and Tor activity on control of 
calcium channel activity in endolysosomes(Wang et al., 2012; Zhang et al., 2012; Cang et al., 
2013). The demonstrated in vitro activation of calcium efflux by rapamycin in WT versus dgk1Δ 
suggests that Tor regulates the fusion machinery via conversion of PA to DAG. However, 
application of the product of Pah1, DAG, had no effect on calcium efflux or vacuole fusion as 
measured by content mixing assays. This finding implies a necessity for the fusion machinery 
being arranged in situ. This data is consistent with DAG licensing progression of endosomes by 
facilitating the exchange of the CORVET subunit Vps3 for HOPS subunit Vps39, a step which 
cannot be queried using calcium release assays of homotypic vacuolar fusion. This is in 
agreement with the findings of Sasser et al(Sasser et al., 2012b) and the data from mutants 
lacking the vacuolar PI 3-Kinase, Vps34.  
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These early events of endosomal maturation and the exact mechanism underlying the loss 
of CORVET specific subunits and acquisition of the HOPS complex evade detection using long 
term manipulations of kinase and phosphatase activities by rapamycin administration. To 
examine the direct role of DAG in these events, additional experiments, involving pulldowns of 
the HOPS complex in the presence of diC8-DAG, or acute manipulation of regulatory 
lipids(Szentpetery et al., 2010) by inducible localization of Pah1 and production of DAG in 
association with the machinery of membrane fusion may shed more light upon this stage of 
endosomal maturation. 
 
MATERIALS AND METHODS 
Reagents 
Reagents were dissolved in PS buffer (20 mM PIPES-KOH, pH 6.8, 200 mM sorbitol).  
Antibodies against Mon1(Wang et al., 2003), Vps34(Herman and Emr, 1990), Ccz1(Wang et al., 
2003), and Vps39 were previously described. Antibodies against Myc and GFP are commercially 
available (Abcam). The recombinant proteins were prepared as described and stored in PS buffer 
with 125 mM KCl. Rapamycin was purchased from Sigma and dissolved in DMSO. Growth 
media reagents were from Difco.  
 
Strains 
 
BJ3505 (MATα pep4::HIS3 prb1-Δ1.6R his3–200 lys2–801 trp1Δ101 (gal3) ura3–52 
gal2 can1) and DKY6281 (MATa leu2–3 pho8::TRP1 leu 2–112 ura3–52 his3-D200 trp1-D901 
lys2–801) were used for fusion assays(Haas et al., 1995). Pah1-GFP was generated and 
previously described(Sasser et al., 2012b). 
27 
 
Pah1 was Myc tagged in the BJ3505 background by homologous recombination with the 
kanMX6 cassette using PCR products amplified from pFA6a-13Myc-kanMx6(Longtine et al., 
1998)  with homology flanking the Pah1 coding sequence.  The PCR product was transformed 
into BJ3505 by standard lithium acetate methods and plated on YPD media containing G418 
(250 µg/L) to generate BJ3505 Pah1-Myc kanMX6. Transformants were selected and 
incorporation of the tag verified by microscopy and western blot or PCR.  
 
Vacuole isolation and in vitro vacuole fusion   
Vacuoles were isolated by floatation as described(Haas et al., 1995). Standard in vitro 
fusion reactions (30 μL) contained 3 μg each of vacuoles from BJ3505 and DKY6281 
backgrounds, fusion reaction buffer (20 mM PIPES-KOH pH 6.8, 200 mM sorbitol, 125 mM 
KCl, 5 mM MgCl2), ATP regenerating system (1 mM ATP, 0.1 mg/mL creatine kinase, 29 mM 
creatine phosphate), 10 μM CoA, and 283 nM IB2. Reactions were incubated at 27°C and Pho8 
activity was assayed in 250 mM Tris-Cl, pH 8.5, 0.4% Triton X-100, 10 mM MgCl2, 1 mM p-
nitrophenyl phosphate. Fusion units were measured by determining the p-nitrophenolate 
produced min−1·μg−1 pep4Δ vacuole and absorbance was detected at 400 nm. 
Protein complexes were examined by immunoblotting. Secondary antibodies conjugated 
to alkaline phosphatase were used with ECF reagent (GE Healthcare). 
 
Microscopy 
Vacuole morphology was monitored by incubating yeast cells with YPD broth containing 
the vital dye FM4-64 (Invitrogen). Cultures were grown overnight to saturation, diluted to ~0.2 
OD600 in YPD containing 5 μM FM4-64, grown for 1 hour in 30°C shaker, washed with PBS, 
resuspended in YPD, incubated at 30°C for 1-2 hour, washed in PBS, and mounted on glass 
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slides for observation by fluorescence microscopy. Images were acquired using a Zeiss Axio 
Observer Z1 inverted microscope equipped with an X-Cite 120XL light source, Plan 
Apochromat 63X oil objective (NA 1.4), and an AxioCam CCD camera. 
During microscopy of starved strains, engineered strains were grown in YPD media, the 
vacuole labeled by the vital dye FM4-64 and the yeast subsequently subjected to starvation by 
transferring yeast to starvation media for 30-60  minutes followed by examination of the 
localization of Pah1-GFP examined by fluorescence microscopy. The nitrogen starvation 
medium, SD-N, consists of 0.17% yeast nitrogen base lacking amino acids and ammonium 
sulfate, and 2% glucose. 
Ca2+ efflux assay 
SNARE-dependent Ca2+ efflux was measured as described(Merz and Wickner, 2004; 
Sasser et al., 2012a) with some modifications. Fusion reactions (60 µL) contained 20 µg of 
vacuoles isolated from BJ3505 backgrounds, fusion reaction buffer with 10 μM CoA, and 283 
nM IB2. In lieu of the luminescent Aequorin Ca
2+ detection system we used the low affinity 
fluorescent probe Fluo-4-dextran at 200 μM (Invitrogen). Reaction mixtures were transferred to a 
black, half-volume 96-well flat-bottom microtiter plate with nonbinding surface (Corning). ATP 
regenerating system was added and reactions were incubated at 27°C while monitoring Fluo-4 
fluorescence (ex = 488 nm; em = 520 nm). 
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FIGURES 
 
Figure 2.1. Vps34 is not required for vacuolar localization of Vps39. Vps15Δ vacuoles were 
isolated and examined for the components of the fusion machinery. Immunoblots were 
performed using antibodies against Mon1, Vps34, Ccz1, and Vps39.  
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Figure 2.2. Rapamycin treatment results in Pah1-GFP accumulation at the vacuole.  Wild 
type yeast cells harboring Pah1-GFP, were incubated with 5 μM FM4-64 to label vacuoles. Cells 
FM4-64 
GFP FM4-64 
GFP FM4-64 
No Treatment 
100 nM Rapamycin 
Starvation 
GFP 
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Figure 2.2 (cont.) were washed with PBS and grown for 1 h in label-free YPD to chase the dye 
into the vacuole. Cells were either treated with 100 nM Rapamycin, incubated in starvation 
media for 30 minutes or given no treatment, and then washed with PBS and mounted for 
microscopy. GFP images (label B) were acquired using a 38 HE Green Fluorescent Protein shift-
free filter set and FM4-64 (Label B) images were acquired using a 43 HE CY 3 shift-free filter 
set. Cells were photographed using differential interference contrast (DIC). 
 
 
 
Figure 2.3. Generation of Pah1-Myc. Pah1-Myc was generated in the BJ3505 background by 
homologous recombination using PCR products amplified from pFA6a-13Myc-kanMx6. 
Transformants were isolated and examined for the presence of the Myc tagged Pah1 by Western 
Blotting. Immunoblots were performed using commercially available antibodies against the Myc 
tag(Abcam). L=Ladder C= Negative Control PahMyc = Positive Transformant 
  
L          C       NEG     NEG     NEG   NEG  PahMyc  
Pah-Myc 
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Figure 2.4. Rapamycin treatment or starvation results in Pah1-GFP accumulation at the 
vacuole. Cells were either given no treatment, treated with 100 nM Rapamycin, or incubated in 
starvation media for 30 minutes. After incubation vacuoles were isolated by centrifugation. The 
vacuoles were examined for the components of the fusion machinery by immunoblotting.  
 
 
Pah-Myc 
Dephosphorylated 
Pah-Myc 
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Figure 2.5.  Rapamycin Administration prolongs vacuolar calcium efflux in fusion assays. 
Vacuoles were harvested from WT BJ3505 cells. Vacuoles were treated with 10 or 20 nM 
Rapamycin (Sigma) or DMSO vehicle prior to fusion reactions. Fusion reactions (2X) were 
prepared containing 20 g of treated or untreated vacuoles and 200 M Fluo4-dextran. 
Immediately after addition of ATP or PS buffer, reactions were incubated at 27C and 
fluorescence was measured for 90 min. Shown are representative experiments of several repeats.  
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Figure 2.6.  Rapamycin Administration has no effect on vacuolar calcium efflux from 
dgk1Δ vacuoles in fusion assays. Vacuoles were harvested from dgk1Δ cells. Vacuoles were 
treated with 10 or 20 nM Rapamycin (Sigma) or DMSO vehicle prior to fusion reactions. Fusion 
reactions (2X) were prepared containing 20 g of vacuoles and 200 M Fluo4-dextran. 
Immediately after addition of ATP or PS buffer, reactions were incubated at 27C and 
fluorescence was measured for 90 min. Shown are representative experiments of several repeats.  
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Figure 2.7. Fusion of vacuoles is inhibited by short chain diC8 PA. Fusion reactions were 
performed using WT vacuoles. Negative control was left on ice during fusion. Individual 
reactions were treated with increasing amounts of diC8PA (Echelon Biosciences). Reactions 
were incubated for 90 min at 27°C and tested for fusion by content mixing and Pho8p activity. 
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Figure 2.8.  Administration of short chain diC8PA inhibits vacuolar calcium efflux in 
fusion assays. Vacuoles were harvested from WT BJ3503 cells. Fusion reactions (2X) were 
prepared containing 20 g of WT vacuoles and 200 M Fluo4-dextran. Reactions were treated 
with 66.7 g/ml diC8PA at 0 or 25 minutes (Echelon Biosciences) or buffer control. 
Immediately after addition of ATP or PS buffer, reactions were incubated at 27C and 
fluorescence was measured for 90 min. Shown are representative experiments of several repeats.  
  
20000
25000
30000
35000
40000
45000
50000
1 6
1
1
1
6
2
1
2
6
3
1
3
6
4
1
4
6
5
1
5
6
6
1
6
6
7
1
7
6
8
1
8
6
9
1
9
6
1
0
1
1
0
6
1
1
1
1
1
6
1
2
1
C
al
ci
u
m
 F
lu
o
re
sc
en
ce
Effect of diC8 PA on Calcium Efflux
ATP
66.7 UG/ML
Late
Addition
Late 
Addition     
Of  PA  
37 
 
  
 
Figure 2.9. Fusion of vacuoles is not affected by short chain diC8 DAG. Fusion reactions 
were performed using WT vacuoles. Negative control was left on Ice during fusion. Individual 
reactions were treated with increasing amounts of diC8 DAG (Echelon Biosciences). Reactions 
were incubated for 90 min at 27°C and tested for fusion by content mixing and Pho8p activity. 
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Figure 2.10.  Administration of short chain DAG has no effect on vacuolar calcium efflux in 
fusion assays. Vacuoles were harvested from WT BJ3505 cells. Fusion reactions (2X) were 
prepared containing 20 g of WT vacuoles and 200 M Fluo4-dextran. Reactions were treated 
with 66.7 g/ml diC8DAG at 0 or 25 minutes (Echelon Biosciences) or buffer control.. 
Immediately after addition of ATP or PS buffer, reactions were incubated at 27C and 
fluorescence was measured for 90 min In late addition experiments 66.7 g/ml diC8 DAG was 
added during the time of maximal calcium efflux. Shown are representative experiments of 
several repeats.  
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CHAPTER 3:  DYNAMIC ASSOCIATION OF THE PI3P-INTERACTING MON1-CCZ1 
GEF WITH VACUOLES IS CONTROLLED THROUGH ITS PHOSPHORYLATION 
BY THE TYPE-1 CASEIN KINASE YCK31 
 
Gus Lawrence*,§, Christopher C. Brown*,§, Blake A. Flood*,§, Surya Karunakaran*, Margarita 
Cabrera†, Mirjana Nordmann†, Christian Ungermann† and Rutilio A. Fratti*,‡ 
 
ABSTRACT 
The maturation of organelles in the endolysosomal pathway requires the exchange of the 
early endosomal GTPase Rab5/Vps21 for the late endosomal Rab7/Ypt7. The Rab exchange 
depends on the GEF activity of the Mon1-Ccz1 heterodimer for Ypt7. Here, we investigated the 
vacuole binding and recycling of Mon1-Ccz1. We found that Mon1-Ccz1 was absent on 
vacuoles lacking the phosphatidic acid phosphatase Pah1, which also lack Ypt7, the 
phosphatidylinositol 3-kinase Vps34 and the lipid PI3P. The interaction of Mon1-Ccz1 with 
wild-type vacuoles required PI3P as shown in competition experiments. We also found that 
Mon1 was released from vacuoles during the fusion reaction and its release required its 
phosphorylation by the type-1 casein kinase Yck3. In contrast, Mon1 was retained on vacuoles 
lacking Yck3 or when Mon1 phosphorylation sites were mutated. The phosphorylation and 
release of Mon1 was restored with the addition of recombinant Yck3. Together this study 
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showed that Mon1 is recruited to endosomes and vacuoles by PI3P, and - likely after activating 
Ypt7 - is phosphorylated and released from vacuoles for recycling.  
 
INTRODUCTION 
 Eukaryotic cells are compartmentalized by membrane bound organelles leading to the 
specific localization of proteins and enzymatic reactions. Cargo is packaged into vesicles at 
donor organelles and transported to acceptor membranes culminating in a fusion event that is 
regulated by organelle-specific Rab GTPases, their effectors, and SNARE proteins. Recently, it 
has been discovered that organelles can mature from early-to-late stages, which is characterized 
in part by the sequential recruitment and activation of Rab proteins (Rivera-Molina and Novick, 
2009). In a general model it is now thought that Rab GTPase guanine factors (GEFs) regulate 
Rab delivery to specific membranes (Gerondopoulos et al., 2012). In the endocytic pathway, 
early endosomes recruit and activate Rab5/Ypt21 through the function of the GEF Vps9/Rabex-5 
(Esters et al., 2001; Hama et al., 1999). GTP-bound Rab5 is the active form of the protein and 
can recruit early endosome-specific effectors including the tethering factor EEA1 and Rabaptin-5 
(Christoforidis et al., 1999; McBride et al., 1999; Stenmark et al., 1995). Rabaptin-5 inhibits the 
GTPase activity of Rab5 prolonging the “on” state of Rab5 (Rybin et al., 1996). In 
Caenorhabditis elegans Rab5 positive endosomes recruit SAND-1/Mon1, the GEF for the late 
endosome and lysosome specific Rab7. The recruitment of SAND-1 occurs in a 
phosphatidylinositol 3-phosphate (PI3P) dependent manner (Poteryaev et al., 2010). SAND-1 
physically interacts with the Rab5 GEF Rabex-5 leading to its displacement. Subsequently, Rab5 
hydrolyses GTP to become the inactive GDP-bound form, which is then lost from the endosome. 
However, the constitutively active Rab5Q79L mutant is resistant to SAND-1 mediated 
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inactivation, indicating that Rab5 must hydrolyze GTP before it is removed from endosomes. 
Others have shown that SAND-1 physically interacts with Rab7 leading to its recruitment to 
maturing phagosomes (Kinchen and Ravichandran, 2010). In addition mutations in SAND-1, 
Ccz1 or Rab7 lead to an arrested maturation characterized by the retention of high levels of Rab5 
and PI3P on phagosomes containing apoptotic corpses.  
 
 In Saccharomyces cerevisiae the Ypt7 GEF was initially thought to be the Vps39 subunit 
of the heterohexameric HOPS complex (Ostrowicz et al., 2010; Wurmser et al., 2000). However, 
Rytka and colleagues later reported that Ypt7 GEF activity was controlled by the protein Ccz1 
(Kucharczyk et al., 2001). Recent studies have demonstrated that the Mon1-Ccz1 dimer was the 
definitive GEF for Ypt7 (Nordmann et al., 2010), thus nicely explaining the intriguing in vivo 
data obtained in C.elegans (Poteryaev et al., 2010; Kinchen et al., 2010). Initially, the Mon1-
Ccz1 complex was found to function in various autophagy pathways (Wang et al., 2002). In 
addition, deletion of either Mon1 or Ccz1 leads to vacuole fragmentation, a hallmark of defective 
vacuole homeostasis. Vacuoles lacking Mon1 or Ccz1 are blocked for in vitro homotypic fusion 
(Wang et al., 2003). The defect in fusion was mapped to the Ypt7-dependent tethering stage and 
deleting Mon1 or Ccz1 prevented the interaction between HOPS and SNAREs. Interestingly, it 
was observed that Mon1 was released from vacuoles through an ATP-dependent mechanism. 
Furthermore, released Mon1 displayed an electrophoretic mobility shift as detected by 
immunoblotting, suggesting that Mon1 undergoes a post-translational modification as part of the 
release mechanism (Wang et al., 2003).  
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In a previous study, we showed that deletion of PAH1 blocked the recruitment of Ypt7, 
the HOPS subunit Vps39, the PI 3-kinase Vps34 and its product PI3P to the vacuoles (Sasser et 
al., 2012). Pah1 is a soluble phosphatidic acid phosphatase that generates diacylglycerol during 
the fusion reaction. PI3P is produced by Vps34 in vacuolar fractions and has been shown to play 
important roles in the formation of membrane microdomains, SNARE function, and actin 
dynamics (Boeddinghaus et al., 2002; Fratti et al., 2004; Karunakaran et al., 2012; Schu et al., 
1993; Thorngren et al., 2004). Taken together, we hypothesized that Pah1 activity leads to the 
recruitment of the Mon1-Ccz1 complex and maturation of vacuoles via PI3P, culminating in 
Ypt7 recruitment. In this study, we now show that Mon1-Ccz1 is excluded from pah1 vacuoles 
and that Mon1-Ccz1 associates with vacuoles in a PI3P-dependent manner. Importantly, we 
found that Mon1 is released from vacuoles after phosphorylation by the casein kinase Yck3 as 
part of a putative recycling mechanism.  
 
RESULTS 
Mon1 and Ccz1 are absent from pah1 vacuoles.  
In a previous study, we found that the deletion of PAH1 caused a severe deficiency of 
multiple factors to vacuole membranes (Sasser et al., 2012). The PI 3-kinase Vps34, the HOPS 
subunit Vps39 and the Rab GTPase Ypt7 were severely depleted or completely absent from 
pah1 vacuoles. Because Vps39 and Vps34 are linked to the between the early endosome 
Rab5/Vps21 and the late endosome/lysosome Rab7/Ypt7, we further investigated the effect of 
Pah1 on Rab conversion. In C. elegans, the recruitment of the Rab7 GEF SAND-1 to late 
endosomes required the presence of PI3P (Poteryaev et al., 2010), even though PI3P depletion 
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did not affect Mon1-Ccz1 localization to endosomes in Drosophila tissues (Yousefian et al., 
2013). Because pah1 vacuoles lack Vps34 and its product PI3P, we examined whether the 
membrane association of the SAND-1 homolog Mon1 would be altered on these mutant 
vacuoles. Using isolated vacuoles from wild type and pah1 yeast strains we found that Mon1 
was largely absent from pah1 vacuoles (Fig. 3.1A). As expected, the Mon1-interacting Ccz1 
was also absent from pah1 vacuoles. Probing for Nyv1 served as a loading control.  
 
 We next asked whether the addition of purified HOPS or Mon1-Ccz1 would rescue the 
fusion defect of pah1 vacuoles. In Figure 3.1B we show in vitro fusion reactions of pah1 
vacuoles in the presence or absence of purified HOPS and Mon1-Ccz1. We found that Mon1-
Ccz1 alone did not affect the fusion of pah1 vacuoles. This was likely due to the absence of 
Ypt7 on isolated vacuoles. However, the addition of purified HOPS to pah1 reactions could 
stimulate fusion at 20-40 nM by two-fold. This suggests that HOPS has the ability to tether 
vacuoles in the absence, or reduced levels of Ypt7. The ability of HOPS to stimulate the fusion 
of pah1 vacuoles was likely due to tethering vacuoles through interactions with SNAREs and 
other phosphoinositides (Stroupe et al., 2006).  
 
 The recruitment of Mon1-Ccz1 to endosomes is thought to lead to the inactivation of the 
early endosome Rab Vps21 followed by the recruitment and activation of Ypt7. However, the 
physical exchange of these two Rabs is difficult to directly observe. Other studies have shown 
that overexpression BLOC-1, which recruits the Vps21 GAP Msb3 to endosomes does not lead 
to the loss of the early Rab (John Peter et al., 2013). In addition, deletion of MSB3 causes the 
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accumulation of Vps21-GTP and its effector Vps8 at the vacuole along with Ypt7 indicating that 
the loss of Vps21 is not required for the acquisition of Ypt7 (Lachmann et al., 2012). Similarly, 
cells harboring the active Vps21Q66L mutant, which is enriched on vacuoles, causes a shift of 
Mon1 to the vacuole fraction. Along with the exchange of Rabs, it is thought that the early 
endosome tethering complex CORVET would be exchanged for the late endosomal tether 
complex HOPS (Peplowska et al., 2007). CORVET and HOPS share a core class C 
heterotetramer composed of Vps11, Vps16, Vps18, and Vps33. The CORVET complex also 
contains Vps3 and Vps8 as Rab-binding subunits while HOPS contains Vps39 and Vps41, 
respectively. Thus, we imagined that the lack of Mon1 and Ypt7 on pah1 vacuoles would be 
accompanied by accumulation of Vps21 and CORVET subunits. To test this, we examined the in 
vivo localization of fluorescently tagged proteins. In Figure 3.1C, we show that the deletion of 
PAH1 leads to the redistribution of various factors from punctate staining to dispersed 
cytoplasmic staining. Vps21 and the CORVET subunits Vps3 and Vps8 showed decreased 
punctate staining in pah1 cells relative to wild-type yeast, indicating that sorting to endosomes 
was altered. We had originally predicted that pah1 vacuoles would be enriched in Vps21 and 
CORVET subunits. Instead, we found that Vps21 and CORVET were missing from the vacuole 
and reduced on endosomes. This suggests that Pah1 might play a role throughout the 
endolysosomal pathway. When GFP-Mon1 distribution was examined in vivo, we observed a 
decrease in punctate staining, illustrating that the PAH1 deletion had negative effects on 
endosomes as well as vacuoles.     
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Mon1 requires PI3P for its retention on vacuoles 
Other investigators have shown the Mon1 homologue SAND-1 requires the presence of 
PI3P for its recruitment to endosomal membranes (Poteryaev et al., 2010). Because pah1 
vacuoles lack the PI 3-kinase Vps34 as well as newly synthesized PI3P, we hypothesized that the 
absence of Mon1 from pah1 vacuoles was due in part to its inability to bind vacuoles in the 
absence of PI3P. To examine the role of PI3P in Mon1 binding to vacuoles, we used wild-type 
vacuoles that produce PI3P and performed release assays using the high affinity PI3P ligand 
FYVE or the PI3P 3-phosphatase MTM-1 (Gillooly et al., 2000; Taylor et al., 2000). Fusion 
reactions were treated with buffer or dose curves of FYVE or MTM-1. After incubation on ice 
for 5 min, the membranes and soluble fractions were separated by centrifugation and probed by 
immunoblotting for Mon1. We found that Mon1 was displaced from the vacuole membrane 
fraction by the FYVE domain in a dose-dependent manner (Fig.3. 2A), suggesting that Mon1 
binding required PI3P. Similarly, we found that treatment with MTM-1 caused a dose-dependent 
release of Mon1 (Fig. 3.2B). We confirmed that our recombinant MTM-1 was active by using a 
Malachite Green phosphatase assay as described by others (Carter and Karl, 1982; Maehama et 
al., 2000) (Fig. 3.2C). We next used purified yeast actin to examine whether the release of Mon1 
seen above was due to the role of PI3P or non-specific protein excess. We found that adding 
exogenous actin did not result in the release of Mon1, indicating that the effects of FYVE and 
MTM-1 were not due to an effect of excess protein in the reaction (Fig. 3.2D). Together, these 
experiments show that like SAND-1 in C. elegans, the yeast homologue Mon1 requires PI3P for 
stable association with membranes. This is consistent with in vitro studies showing that purified 
Mon1 binds to liposomes containing PI3P (Cabrera et al., 2014).  
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In a previous study we found that treating vacuoles with the drug propranolol inhibited 
fusion by inhibiting the activity of the PA phosphatase activity of Pah1 (Sasser et al., 2012). 
Because deletion of PAH1 resulted in the exclusion of Mon1 (Fig. 3.1A) as well as the Vps34, 
we tested whether propranolol would lead to an increase in Mon1 release from vacuoles. In 
Figure 3.2E, we show a dose response curve of propranolol and Mon1 release. These 
concentrations of propranolol were previously shown to inhibit fusion (Sasser et al., 2012). We 
observed a significant increase in Mon1 release in a dose dependent concentration of 
propranolol. This suggested that newly formed PI3P might stabilize the interaction between 
Mon1 and the vacuoles. However, propranolol could also have indirect effects that result in 
Mon1 release independent of PI3P synthesis. Vacuoles acquire PI3P by two modes. PI3P is made 
on endosomes (Gillooly et al., 2000), which can traffic to the vacuole and transfer the lipid upon 
fusion. In addition, vacuole-associated Vps34 makes new PI3P on the vacuole surface during the 
homotypic fusion reaction (Thorngren et al., 2004). To ask whether new rounds of PI3P 
synthesis play a role in Mon1 association with vacuoles, we treated fusion reactions with the PI 
3-kinase inhibitor LY294002. We found that treating vacuoles with LY294002 had a minimal 
effect on Mon1 retention (Fig. 3.2F), suggesting that the starting levels of PI3P were sufficient 
for Mon1 vacuole binding. This is consistent with the notion that Mon1 arrives at the vacuole via 
endolysosomal trafficking. This is also consistent with previous findings showing that inhibiting 
PI 3-kinase activity with wortmannin had no effect on membrane fusion (Boeddinghaus et al., 
2002).  
 
To further examine the role of PI3P in vacuole maturation we compared the protein 
profile of vps34 and wild type vacuoles. We found that vps34 vacuoles were severely depleted 
51 
 
in many components of the fusion machinery including the SNAREs Vam3 and Vam7, the 
HOPS subunits Vps11 and Vps18, as well as Mon1, Ccz1 and Ypt7 (Fig. 3.2G). However, not all 
proteins were depleted on vps34 vacuoles as shown by the wild type levels of Sec18 and actin. 
Although this mutant shared several protein deficiencies versus pah1 vacuoles, it should be 
noted that vps34 vacuoles were more severely affected. This is consistent with the fact that 
pah1 was not identified as a vacuolar protein sorting (vps) mutant.  
 
Mon1 is released from the vacuole after phosphorylation 
Previously, Klionsky and colleagues found that Mon1 was released from the membrane 
after the addition of ATP (Wang et al., 2003). To further characterize the observed release 
reaction, we performed time course experiments to monitor the release of Mon1 from vacuoles. 
Fusion reactions were incubated at 27C from 0 to 60 min after which the membranes were 
separated from the supernatant by centrifugation. We found that very little Mon1 was present in 
the supernatant at the beginning of the fusion reaction and that Mon1 accumulated in the 
supernatant over time (Fig. 3.3A). Ccz1 accompanied the release of Mon1 as expected for the 
heterodimer. As controls, we probed for the release of HOPS subunit Vps41, actin and Ypt7. 
Some Vps41 was released over time, whereas Ypt7 remained in the membrane fraction, 
indicating that the release of Mon1 was a result of its activity during the fusion process and not 
due to membrane lysis. Actin served as loading control for both pellet and supernatant fractions.  
 
 To identify the requirements for Mon1-release during fusion, we used a panel of well-
characterized inhibitors that block fusion at various stages of the pathway. We used anti-Sec17 
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IgG to inhibit the priming stage. Ypt7-dependent tethering was inhibited with anti-Ypt7 IgG, or 
the GTPase activating factor Gyp1. Docking was inhibited with antibodies against the SNARE 
Vti1 or the HOPS subunit Vps11. Reactions were incubated for 0 or 60 min, and released Mon1 
was collected by centrifugation. We found that the untreated control released Mon1 in a time-
dependent manner, whereas blocking SNARE priming with anti-Sec17 reduced Mon1 release 
between the two time points (Fig. 3.3B). This suggests that Mon1 release is linked to the start of 
the fusion cascade. Blocking Vti1 had little effect on Mon1 release suggesting that SNARE 
pairing occurs after Mon1 activity is completed. Interestingly, blocking Ypt7 directly with 
antibody or converting it to the GDP-bound state with Gyp1 accelerated Mon1 release. We 
suspect that the antibody directly inhibited the interaction between Mon1 and Ypt7. We also 
found that blocking HOPS with anti-Vps11 antibody accelerated release. This was likely due to 
disrupting a direct interaction between Mon1 and the HOPS complex (Nordmann et al., 2010; 
Poteryaev et al., 2010; Wang et al., 2003). In fact, the effects of anti-Ypt7 and Gyp1 could also 
be linked to disturbing the HOPS-Mon1 interaction as previous reports showed that both the 
antibody and GAP resulted in the release of HOPS from the membrane (Brett et al., 2008; Eitzen 
et al., 2000; Price et al., 2000).  
 
The nucleotide binding state of Ypt7 affects Mon1 release  
Because Rab GTPases undergo conformational changes when interacting with GEFs, we 
hypothesized that the release of Mon1 was tied to conformational changes in Ypt7 upon binding 
GTP. To test this we used point mutations of Ypt7 that affect GTP/GDP binding (Eitzen et al., 
2000). Based on conserved residues in the Rab family, the Ypt7Q68L mutant is thought to be 
locked in the GTP-bound stage maintaining an active state. The Ypt7T22N mutant is thought be a 
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nucleotide empty mutant remaining in the inactive state. We used reactions containing wild type 
or mutant Ypt7 and examined Mon1 release by immunoblotting. We hypothesized that Mon1 is 
recycled from the vacuole after Ypt7 activation and that a block in activation would alter Mon1 
membrane release. We found that vacuoles containing Ypt7Q68L released more Mon1 relative to 
WT organelles (Fig. 3.4A-B). In contrast, vacuoles harboring Ypt7T22N did not release Mon1 
even after 60 minutes of incubation. These data indicate that the release of Mon1 is directly tied 
to the conformational changes that Ypt7 undergoes during nucleotide exchange. Our findings are 
consistent with previous studies by Horazdovsky and colleagues that showed augmented binding 
between the inactive Rab5 homologue Vps21S21N and its GEF Vps9 (Hama et al., 1999). These 
data are also in keeping with the enhanced binding of Rab5S34N with its GEF Rabex-5 (Zhu et al., 
2009). Taken together it is apparent that the conformation of Rab GTPases affects interactions 
with their respective GEFs. As a control, we probed for the presence of Ypt7 on these vacuoles 
(Fig. 3.4C). We found that both mutations of Ypt7 resulted in a reduction in vacuole association. 
This could be due to inhibited delivery of GTP-Ypt7Q68L by GDI (GDP dissociation inhibitor), 
and by enhanced GDI removal of GDP-Ypt7T22N. We also examined the release of the HOPS 
subunit Vps41 and found that vacuoles containing Ypt7T22N were nearly devoid of the protein 
(Fig. 3.4D). This is consistent with the exclusive association of an effector complex such as 
HOPS with the Rab-GTP form (Brocker et al., 2012). Others have also shown reduced binding of 
HOPS subunits with these Ypt7 mutants (Brett et al., 2008; Eitzen et al., 2000) and Ccz1 
(Kucharczyk et al., 2001). 
 
 
 
54 
 
Mon1 is phosphorylated during release 
It was previously observed that the soluble form of Mon1 migrated more slowly on SDS-
PAGE gels relative to the membrane-bound pool of Mon1 (Wang et al., 2003). We also observed 
a shift in the previous experiments using 10% SDS-PAGE gels and posited that the observed 
electrophoretic mobility change might be due to protein phosphorylation. To further distinguish 
the shift in gel migration, vacuole extracts were resolved using 6% SDS-PAGE. Figure 3.5A 
shows that a second higher molecular weight Mon1 band appeared only in the presence of ATP, 
suggesting that Mon1 was phosphorylated during the fusion reaction. When compared to the 
membrane release data presented in Figure 3.3, we hypothesize that Mon1 modification occurs 
prior to membrane release. To test the effect of Mon1 modification on membrane association, we 
performed membrane fractionation assays and found that the supernatant only contained the 
upper Mon1 band, indicating that phosphorylation might trigger the release from vacuoles (Fig. 
3.5B). In addition, the release of Mon1 from the membrane only occurred in the presence of 
ATP, further suggesting that protein modification leads to the dissociation from the vacuole. 
Interestingly, modified Mon1 was also present in the pellet fraction. Thus, the modification of 
Mon1 is linked but not sufficient to trigger its release from the membrane, indicating that other 
factors are likely involved. To determine if the migration shift was truly due to phosphorylation, 
we treated reactions with either buffer or calf intestinal phosphatase (Fig. 3.5C). We found that 
using the phosphatase downshifted the higher molecular weight band.  
 
Previous studies have shown that exogenous recombinant Vam7 can bypass a block in 
SNARE priming by anti-Sec17 IgG (Merz and Wickner, 2004; Thorngren et al., 2004). To 
determine whether fusion is required for Mon1 phosphorylation we blocked fusion reactions with 
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anti-Sec17 IgG in the presence or absence of Vam7 for 0 or 60 min. Control reactions show that 
Mon1 phosphorylation only occurred in the presence of ATP (Fig. 3.5D). The addition of anti-
Sec17 in the presence of ATP did not affect the phosphorylation of Mon1 indicating that SNARE 
priming was not required for its modification. The addition of Vam7, which bypasses the anti-
Sec17 block to stimulate fusion, did not alter the amount of phosphorylated Mon1.  
 
Yck3p phosphorylates Mon1p 
Recent studies have shown that the casein kinase Yck3 phosphorylates the fusion 
regulators Vps41 and Vam3 (Brett et al., 2008; Cabrera et al., 2009; LaGrassa and Ungermann, 
2005). Because this kinase is linked to the fusion machinery, we examined whether Yck3 
phosphorylated Mon1 during fusion. To this aim we used vacuoles from yck3 yeast and 
monitored the relative mobility shift of Mon1. We found that Mon1 remained as a single low 
molecular weight form on yck3 vacuoles (Fig. 3.6A). As a control, Vps41 was also monitored 
in these experiments and we found that it was not modified on yck3 vacuoles, which is in 
keeping with previous studies. In comparison, wild type vacuoles exhibited the phosphorylation 
of Mon1 and Vps41. To confirm that Yck3 was directly modifying Mon1, we used recombinant 
His6-Yck3 in complementation experiments. Here, yck3 vacuoles were incubated in fusion 
reactions that were treated with buffer or exogenous His6-Yck3. We found that adding His6-Yck3 
restored the phosphorylation pattern of Mon1 during fusion, indicating that the kinase directly 
modified Mon1 during fusion (Fig. 3.6B). In addition, we fractionated these reactions and found 
that Mon1 was not released from yck3 vacuoles and that Mon1 release was restored in the 
presence of His6-Yck3. Together these data strongly indicate that the modification and release of 
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Mon1 from vacuoles during fusion was due to Yck3 function. It is also important to note that 
phosphorylated Mon1 was present on the membrane fraction of wild type vacuoles. This 
suggests that phosphorylation is not the only cause of membrane release. It is likely that other 
step(s) occur after Mon1 phosphorylation that leads to the ultimate release of the protein. To 
examine whether Yck3 directly phosphorylated Mon1, we performed an in vitro assay using 
purified Mon1 and recombinant Yck3. In Figure 3.6C we show that Yck3 directly 
phosphorylates purified Mon1 in the absence of other vacuolar components. It should be noted 
that the amount of in vitro phosphorylated Mon1 was reduced in comparison to what was seen 
using whole vacuolar reactions. One possibility for the difference could be due to conformational 
changes that occur on the membrane in the presence of Ypt7, HOPS and PI3P. This is only a 
hypothesis that will be tested in future studies. Finally, we asked whether inhibiting Ser/Thr 
kinases during the fusion reaction would alter the release of Mon1. We performed fusion 
reactions in the presence of increasing amounts of staurosporine, a broad-spectrum protein 
kinase inhibitor. We found that increasing amounts of staurosporine correlated with an increased 
retention of Mon1 on the membrane fraction (Fig. 3.6D). This is in keeping with our other 
experiments showing that protein phosphorylation is linked to Mon1 release from the vacuole.  
 
 To further examine the link between Mon1 phosphorylation and membrane association 
we generated Mon1 mutants that eliminated Yck3 phosphorylation sites (Netphos 
http://www.cbs.dtu.dk/services/NetPhos/, Scansite, http://scansite.mit.edu/). In one strain the 
Mon1 residues S35, T38, T39, S130, S135, and S138 were mutated to Ala (Mon1-6A). A second 
mutant contained phosphomimetic mutations of the same residues were changed to Asp (Mon1-
6D). Mutations of these sites to Ala or Asp abolished the mobility shift of Mon1 during fusion 
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reaction, which was identical to the effect of deleting YCK3 (Fig. 3.7A). Because the mutations 
blocked the electrophoretic shifts seen with phosphorylation, we next asked if membrane release 
was also affected. These experiments were performed in the presence or absence of ATP and 
observed after 0 and 60 min. As seen before, deletion of YCK3 blocked Mon1 phosphorylation as 
well as release (Fig. 3.7B). Similarly, Mon1-6A and Mon1-6D remained associated with the 
vacuoles (Fig. 3.7C-D). This further demonstrates that Yck3-dependent phosphorylation is 
required for the release of Mon1 during the fusion reaction. The lack of release of Mon1-6D 
likely indicates that these phosphomimetic mutations were insufficient in duplicating the 
phospho-Mon1 phenotype.  
 
To further characterize the Mon1 mutations, we first examined the stability of Mon1 
mutants in heterodimers with Ccz1 and found that there was no change in heterodimer formation 
(Fig. 3.7E). In addition, we performed fusion experiments where wild-type vacuoles were treated 
with Gyp1 to convert Ypt7 to the GDP bound state and to block fusion. Next, purified Mon1-
Ccz1, Mon1-6A-Ccz1, or Mon1-6D-Ccz1 was added to reactivate Ypt7 and restore fusion. We 
found that both Mon1 mutants were able to counteract GAP activity and restored fusion as well 
as the wild-type heterodimer (Fig. 3.7F). This suggests the phosphorylation of Mon1-Ccz1 does 
not affect the activity of the complex. Finally, we examined vacuole morphology and found that 
neither mutation affected the vacuole phenotype (Fig. 3.7G). Together these data further supports 
the notion that Mon1 phosphorylation likely occurs downstream of its activity on Ypt7 to ensure 
release of Mon1-Ccz1 from vacuoles. 
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DISCUSSION 
Nucleotide exchange of Rab GTPases is an integral part of the progression or maturation 
of organelles. In the early-to-late endosome maturation pathway, the exchange of early 
endosomal Rab5/Vps21 for late endosomal Rab7/Ypt7 depends on the acquisition of Mon1-
Ccz1, a heterodimer that functions as the GEF for Ypt7 (Nordmann et al., 2010). Others have 
found that the recruitment of Mon1/SAND-1 interrupts activation of Rab5, allowing for its 
removal while Rab7 is recruited to the transitioning endosome (Gerondopoulos et al., 2012; 
Kinchen and Ravichandran, 2010; Poteryaev et al., 2010). In SAND-1 knockdown cells, Rab5 
remains active leading to enlarged endosomes. In C. elegans this mechanism is dependent on the 
regulatory lipid PI3P, and depletion of the lipid leads to the inhibition of organelle maturation 
(Poteryaev et al., 2010). In our previous study we found that deletion of the phosphatidic acid 
phosphatase Pah1 caused an arrest in vacuole maturation that was characterized by the exclusion 
of Ypt7 (Sasser et al., 2012). This was accompanied by a reduction in the PI 3-kinase Vps34 and 
its product PI3P. In addition, the HOPS subunit Vps39, which is linked to Mon1-Ccz1 GEF 
activity (Nordmann et al., 2010), was sharply reduced relative to the other five HOPS subunits. 
Thus, we hypothesize that Pah1 creates the environment that is favorable for Mon1-Ccz1 
activity.  
In this study we examined our hypothesis and monitored the membrane retention of 
Mon1 during vacuole fusion. In our experiments, we found that the amount of Mon1-Ccz1 was 
severely reduced on pah1 vacuoles, suggesting that Pah1 activity indirectly affects Mon1-Ccz1 
recruitment to vacuoles. This further suggests that Pah1 indirectly interferes with Rab conversion 
and the transition from early-to-late endosomes. Part of the regulation of Mon1 binding was due 
to the lack of PI3P on vacuoles. We further characterized the connection between Mon1 vacuole 
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binding and PI3P by competing Mon1 from the vacuoles with the high affinity ligand FYVE, or 
by modifying the lipid with the phosphatase MTM-1. PI3P does not only stabilize Mon1 and its 
interaction partner Ccz1 on membranes, but also stimulates Mon1-Ccz1 GEF activity (Cabrera et 
al., 2014). The link between GEF activity and phosphoinositides is not unique to the vacuole 
model. Others have shown that the Sec4 GEF Sec2 functions in Rab cascade in a PI4P-regulated 
manner (Mizuno-Yamasaki et al., 2010).  
 
While investigating Mon1 binding to membranes we found that Yck3 phosphorylated 
Mon1 and that its modification leads to the release of Phospho-Mon1 from the membrane. The 
release of Mon1 was blocked when Yck3 was absent or when the casein kinase phosphorylation 
sites on Mon1 were mutated. Although little is known about the regulation of GEF activity, there 
are several reports that show how GEF phosphorylation affects function. For example, during 
hyphal growth of the opportunistic pathogenic yeast Candida albicans the Rab Sec4 is activated 
by its GEF, Sec2. Localization of Sec2 to the tip of polarized hyphal growth requires 
phosphorylation by the cyclin-dependent kinase Cdc28 (Bishop et al., 2010). Others have shown 
that in Mast cells the RhoA GTPase is activated by GEF-H1, which is phosphorylated by the 
kinase Pak2 to turn off RhoA dependent signaling and fusion at the plasma membrane. Phospho-
GEF-H1 is released from the RhoA sites and re-localizes to microtubules. In the absence of Pak2 
GEF-H1 continuously reactivates RhoA leading to augmented signaling and fusion (Kosoff et 
al., 2013). Another example is found in the regulation of Rac1 in the outgrowth of cortical 
neurons. In embryonic rat cortex the Rac1 GEF Trio is phosphorylated by the Src family kinase 
Fyn to inhibit Trio activity (Degeer et al., 2013). The inability of Fyn to phosphorylate Trio leads 
to continued Rac1 function and dysregulated axon outgrowth.  
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Together these examples illustrate that GEF phosphorylation plays an important role in 
regulating small GTPase activity. In addition, the modification and re-distribution of 
phosphorylated GEFs is likely part of a recycling pathway. In the case of Mon1, it is thus 
possible that its phosphorylation by Yck3 serves to recycle Mon1 from the vacuolar surface. 
However, full recycling would require a dephosphorylation step that occurs in the cytosol, which 
needs to be explored in future studies.  
 
Yck3 plays additional roles in regulating vacuole fusion including the phosphorylation of 
the HOPS subunit Vps41 in AP-3 dependent TGN-to-vacuole trafficking, as well as endosome-
to-lysosome and homotypic vacuole fusion (Cabrera et al., 2009; Cabrera et al., 2010; LaGrassa 
and Ungermann, 2005). In the absence of Yck3 Vps41 accumulates on puncta adjacent to the 
vacuole membrane or on the vacuole itself. Deletion of YCK3 also leads to augmented vacuole 
fusion, whereas excess Yck3 inhibits fusion (LaGrassa and Ungermann, 2005). Interestingly, 
phosphorylated Vps41 is partially released from vacuoles, which is consistent with our results 
showing the release of Phospho-Mon1. Conversely, Vps41 was retained on the vacuole on yck3 
vacuoles, which is again similar to the results showing that Mon1 is retained on yck3 vacuoles. 
The phospho-mutants of Mon1 allowed us to analyze the exclusive effect of Yck3 activity in 
Mon1-Ccz1 complex or Vps41 and in fact observed that Vps41 release was slightly enhanced 
when Mon1-Ccz1 mutants (6A, 6D) are more stably associated with vacuoles. This supports the 
idea that efficient nucleotide exchange and effector binding to the Rab might require GEF 
disassociation and release from membranes.  Of note, the characterized phosphorylation sites 
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within Mon1 are located outside the identified Mon1-Ccz1 interaction site, which is required for 
GEF activity (Cabrera et al., 2014). In agreement, mutations in the phosphorylation sites did not 
affect Mon1-Ccz1 activity. 
 
In summary, our data provide evidence that the Yck3 kinase affects fusion processes at 
vacuoles at multiple levels and, as shown here, is an important regulator for efficient recycling of 
the Mon1-Ccz1 complex from vacuoles. 
 
MATERIALS & METHODS 
Reagents – Reagents were dissolved in PS buffer (20 mM PIPES-KOH, pH 6.8, 200 mM 
sorbitol). The recombinant proteins GST-FYVE (Gillooly et al., 2000), His6-MTM-1 (Taylor et 
al., 2000), GST-Vam7 (Fratti et al., 2007; Fratti and Wickner, 2007), yeast actin (Karunakaran et 
al., 2012), His6-Yck3 (Hickey and Wickner, 2010) and His6-Gyp1-46 (Wang et al., 2003) were 
prepared as described and stored in PS buffer with 125 mM KCl. Mon1 and Ccz1 were purified 
from yeast as a heterodimer as described (Nordmann et al., 2010). HOPS was purified as 
described (Brocker et al., 2012). Antibodies against Sec17, Ypt7, Vti1, and Vps11 were prepared 
as described (Mayer et al., 1996; Mayer and Wickner, 1997; Price et al., 2000; Ungermann et al., 
1999) 
 
Strains – Vacuoles from BJ3505 and DKY6281 were used for fusion assays (Table 1) (Haas et 
al., 1995). Tester strains lacking YCK3 or PAH1 were described previously (Hickey et al., 2009; 
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Sasser et al., 2012). Strains containing YPT7 mutations were previously described (Eitzen et al., 
2000). MON1 was deleted from strains using a kanMX4 cassette using PCR products amplified 
from pFA6-kanMX4 with homology flanking the MON1 coding sequence (Longtine et al., 
1998). For complementation studies of mon1, strains were transformed with 2 plasmids 
encoding Mon1-6A or Mon1-6D to generate CUF609 and CUY6093. Transformants were 
selected on complete synthetic media lacking uracil. For fluorescence microscopy experiments 
wild-type and pah1 strains were transformed with plasmids for the expression of GFP-Vps21 
(1324), GFP-Mon1 (1381), Vps3-GFP (3098), or Vps8-GFP (3096) (Table 2). Transformants 
were grown in selective media.  
 
Vacuole isolation and in vitro vacuole fusion – Vacuoles were isolated by floatation as 
described (Haas et al., 1995). Standard in vitro fusion reactions (30 L) contained 3 g each of 
vacuoles from BJ3505 and DKY6281 backgrounds, fusion reaction buffer (20 mM PIPES-KOH 
pH 6.8, 200 mM sorbitol, 125 mM KCl, 5 mM MgCl2), ATP regenerating system (1 mM ATP, 
0.1 mg/mL creatine kinase, 29 mM creatine phosphate), 10 M CoA, and 283 nM IB2. Reactions 
were incubated at 27C and Pho8p activity was assayed in 250 mM Tris-Cl, pH 8.5, 0.4% Triton 
X-100, 10 mM MgCl2, 1 mM p-nitrophenyl phosphate. Fusion units were measured by 
determining the p-nitrophenolate produced min−1·g−1 pep4 vacuole and absorbance was 
detected at 400 nm.  
 
Tandem Affinity Purification (TAP) – Tandem Affinity purification was performed as 
described (Puig et al., 2001). Three liters of culture were grown at 30°C to OD600 ~ 4 and cells 
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were harvested by centrifugation. Cells were lysed in buffer containing 50 mM HEPES/NaOH, 
pH 7.4, 300 mM NaCl, 1.5 mM MgCl2, 1x FY protease inhibitor mix (Serva, Heidelberg, 
Germany), 0.5 mM PMSF and 1 mM DTT. Lysates were centrifuged for 90 min at 100,000 g 
and supernatants were incubated with IgG Sepharose beads for 2 h at 4°C. Beads were isolated 
by centrifugation at 800 g for 5 min and washed with 15 ml lysis buffer containing 0.5 mM DTT. 
Bound proteins were eluted by TEV cleavage and eluates were analyzed on SDS-PAGE. Next, 
the TEV elution buffer was exchanged using NAP-5 columns (GE Healthcare) equilibrated with 
vacuole fusion buffer. For HOPS buffer exchange was omitted as we could not recover sufficient 
protein from the column. The TAP buffer inhibits vacuole fusion activity at higher 
concentrations. 
 
In vitro phosphorylation – TAP tagged Mon1 was incubated with 500 l equilibrated IgG 
Sepharose bead slurry (4°C, 2 h, nutating). After washing, the beads were equilibrated with 
fusion reaction buffer and incubated with recombinant Yck3 at 48 g/ml as a final concentration. 
Reactions were incubated with ATP regenerating system or buffer alone for 6 h at 30 while 
nutating. Next, beads were washed with TEV cleavage buffer. TEV (5 g/ml) was added to the 
washed beads and incubated for 2 h at 4C. Eluted proteins were mixed with 6 ml of calmodulin 
binding buffer containing a final concentration of 3 mM CaCl2, mixed with 300 l of calmodulin 
Sepharose and incubated for 1 h at 4C. The beads where then washed with buffer (20 mM Tris-
Cl pH 7.5, 150 mM NaCl, 1 mM MgCl2 0.1% Nonidet P-40 alternative, 10% glycerol). Bound 
protein was eluted with elution buffer containing 5 mM EGTA and TCA precipitated. Dried 
protein was solubilized with SDS buffer and analyzed by immunoblotting.  
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Preparation of Small Unilamellar Liposomes – The following lipid solutions were prepared: 
PC/PE/PI3P with lipid concentrations 500 mM/50 mM/50 mM respectively and PC/PE with lipid 
concentrations 500 mM/50 mM respectively. Lipids were transferred from concentrated stocks to 
glass test tubes and the solvents evaporated under a nitrogen stream. The test tubes were then run 
in a speedvac for 30 min and stored in a desiccator under vacuum overnight. The next day the 
dried lipids were resuspended in the MTM1 Phosphatase Buffer (50 mM sodium acetate, 25 mM 
Bis-Tris, 25 mM Tris-Cl pH 6.8, and 5% w/v glycerol) with vortexing and sonicated in a water 
bath until the solution was visibly clear.  
 
MTM1 Phosphatase Assay – A portion of the recombinant His6-MTM1 purified protein was 
boiled for 10 min, then cooled on ice. Each of the liposome solutions described previously were 
aliquoted into 3, 160 μL samples and 10 mg of MTM-1, boiled MTM-1, or calf intestinal 
phosphatase (CIP) added to individual aliquots. Samples were then incubated and reactions 
stopped by boiling 10 minutes. The lipid and protein components were pelleted by centrifugation 
and the supernatants decanted. These supernatants were then separated into 50 μL aliquots and 
the free phosphatase levels measured by the Malachite Green Phosphatase Assay. 
 
Malachite green phosphatase detection – Reactions (50 l) and blanks were prepared and 
added to a 96-well plate. Next, 10 l of Reagent A (42.8 mM Na2MoO4, 1.14 M HCl) was added 
to each well, mix, and incubate at room temperature for 10 min. Then, 10 l of Reagent B 
(0.042% (w/v) malachite green, 1% (w/v) polyvinyl alcohol) was added to each well, mixed, and 
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incubate for 20 min at room temperature. To stop the reaction, each well received 10 l of 
Reagent C (7.8% H2SO4), mixed, and incubated for 10 min at room temperature. Free phosphate 
was measured at 630 nm and its concentration was derived using a standard curve of inorganic 
phosphate.  
 
Microscopy – Yeast cells were grown to mid-log phase in YPD, YPG, or synthetic complete 
(SDC) medium lacking selected amino acids or nucleotides, collected by centrifugation, washed 
once with SDC or SGC medium supplemented with all amino acids, and immediately analyzed 
by fluorescence microscopy. For FM4-64 staining of vacuoles, cells were incubated with 30 M 
FM4-64 for 30 min, washed twice with YPD medium and incubated in the same medium without 
dye for 1 h. Images were acquired with a Leica DM5500 B microscope equipped with a SPOT 
Pursuit camera equipped with an internal filter wheel (D460sp, BP460-515 and D580lp; Leica 
Microsystems GmbH), fluorescence filters (49002 ET-GFP (FITC/Cy2): Exc. ET470/40x, Em. 
ET525/50m; Wide Green: Exc. D535/50, Em. E590lp; 49008 ET-mCherry, Texas Red: Exc. 
ET560/40x, Em. ET630/75m Chroma Technology Corp.), and Metamorph 7 software (Visitron 
Systems, Munich, Germany). Images were processed using Image J 1.42 (National Institute of 
Health) and Autoquant x v1.3.3 (Media Cybernetics, Inc). 
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TABLES 
Table 3.1. Yeast strains used in this study  
Strain Genotype Source 
BJ3505 MATa pep4::HIS3 prb1-1.6R his3–200 lys2–801 
trp1101 (gal3) ura3–52 gal2 can1 
(Jones et al., 
1982) 
DKY6281 MAT pho8::TRP1 leu2–3 leu 2–112 ura3–52 his3-200 
trp1-901 lys2–801 
(Haas et al., 
1994) 
RFY17 BJ3505, pah1::Kanr (Sasser et al., 
2012) 
RFY18 DKY6281, pah::Kanr (Sasser et al., 
2012) 
BY4741 MATa  his3∆1 leu2∆0 met15∆0 ura3∆0 EuroscarfTM 
BY4732 MATa his3∆200 leu2∆0 met15∆0 trp1∆63 ura3∆0 EuroscarfTM 
BY4742 MAT his31 leu20 met150 ura30 Open Biosystems 
BY4742 vps34 BY4742 MATalpha his31 leu20 met150 ura30 
vps34::KanMX6 
Open Biosystems 
BJ3505 (Q68L) BJ3505 ypt7::YPT7Q68L (Eitzen et al., 
2000) 
DKY6281 
(Q68L) 
DKY6281 ypt7::YPT7Q68L (Eitzen et al., 
2000) 
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Table 3.1(cont.)   
BJ3505 (T22N) BJ3505 ypt7::YPT7T22N (Eitzen et al., 
2000) 
DKY6281 
(T22N) 
DKY6281 ypt7::YPT7T22N (Eitzen et al., 
2000) 
CHY53 BJ3505 yck3::hphMX4 (Hickey et al., 
2009) 
CHY54 DKY6281 yck3:: hphMX4 (Hickey et al., 
2009) 
CUY2470 BY4732 CCZ1::TRP1-GAL1pr CCZ1::TAP-URA3 
MON1::HIS3MX6-GAL1 
(Nordmann et al., 
2010) 
CUY3009 BJ3505 mon1::kanMX URA3::pRS406-NOP1-MON1 This study 
CUY6092 BJ3505 mon1::kanMX URA3::pRS406-NOP1-MON1  This study 
   
CUY6093 BJ3505 mon1::kanMX URA3::pRS406-NOP1-MON1 
S35D T38D T39D S130D S135D 
This study 
CUY6197 BY4741 mon1::kanMX CCZ1::HIS3-GAL1 CCZ1::TAP-
NatNT2 URA3::pRS406-GAL1-MON1 
This study 
CUY6198 BY4741 mon1::kanMX CCZ1::HIS3-GAL1 CCZ1::TAP-
NatNT2 URA3::pRS406-GAL1-MON1 S35A T38A 
T39A S130A S135 S138A 
This study 
CUY6199 BY4741 mon1::kanMX CCZ1::HIS3-GAL1 CCZ1::TAP-
NatNT2 URA3::pRS406-GAL1-MON1 S35D T38D 
T39D S130D S135D S138D 
This study 
 
 
Table 3.2. Yeast strains used in this study 
Strain Genotype Source 
3096 pRS415-PNOP1-VPS8-GFP (Cabrera et al., 2012) 
3098 pRS415-PNOP1-VPS3-GFP (Cabrera et al., 2012) 
1381 pRS416-PNOP1-GFP-MON1 This study 
1324 pRS416-PNOP1-GFP-VPS21 This study 
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FIGURES
 
Figure 3.1. Mon1, Vps21 and CORVET subunits are mislocalized in pah1 cells. (A) 
Vacuoles were isolated from wild type (WT) and pah1 strains and incubated under fusion 
conditions for 0 or 60 min. At the end of the incubation membranes were resolved by 10% SDS-
PAGE and analyzed by immunoblotting for the distribution of Mon1, Ccz1 and Nyv1. (B) 
Fusion reactions with pah1 vacuoles were incubated with buffer or supplemented with 
exogenous HOPS or Mon1-Ccz1 complex at the indicated concentrations in the presence of 
fusion reaction buffer and 1 mM GTP. Fusion was measured after 90 min at 27C. Data 
represent mean values ± SEM. (C) WT and pah1 strains were transformed with plasmids  
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Figure 3.1 (cont.). encoding GFP gene fusions to VPS21, VPS8, VPS3, and MON1. Cells were 
analyzed by DIC and fluorescence microscopy.
 
 
Figure 3.2. Mon1-Ccz1 interacts with vacuolar membranes in a PI3P-dependent manner. 
Fusion reactions containing WT vacuoles were incubated with buffer or a dose curve of GST-
FYVE (A) or MTM-1 (B) for 5 min on ice. The reactions were separated into membrane (bound) 
70 
 
Figure 3.2 (cont.). and supernatant (released) fractions and resolved by 10% SDS-PAGE. 
Immunoblot analysis was carried out using antisera against Mon1. (C) Quantitation of MTM-1 
activity using a malachite green phosphatase activity assay. Calf intestinal phosphatase (CIP) 
was used as control. (D) As a control for Mon1 release in the presence of exogenous proteins, 
fusion reactions were incubated with a dose curve of purified yeast actin. Mon1 binding was 
determined by fractionation of membrane bound and soluble Mon1. (E) The effect of blocking 
PA phosphatase activity on Mon1 retention was examined by incubating fusion reactions with 
propranolol for 60 min at 27C. Afterwards, the released Mon1 was collected and examined by 
immunoblotting. Actin served as a loading control. (F) The effect of Vps34 activity on Mon1 
release was tested by incubating fusion reactions with the PI 3-kinase inhibitor LY294002 for 60 
min at 27C. Released Mon1 was determined by immunoblotting. (G) Vacuoles from WT and 
vps34 yeast were isolated and examined by immunoblotting using antibodies against the 
indicated proteins. 
 
Figure 3.3. Mon1 is released from vacuoles during the fusion reaction. (A) Fusion reactions 
containing WT vacuoles were incubated at 27C for 0, 10, 30 or 60 min. After incubation the 
membrane fraction was isolated by centrifugation. The membrane fraction and supernatants were 
examined for the release of Mon1 from vacuoles. Immunoblots were performed using antibodies 
against Mon1, Ccz1, Vps41, Ypt7, and actin. (B) The release of Mon1 was examined in fusion 
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Figure 3.3 (cont.). reactions treated with inhibitors that targeted different stages of fusion. 
Reactions were treated with buffer, 67 g/ml anti-Sec17, 8 g/ml anti-Ypt7, 50 g/ml anti-
Vps11, 27 g/ml anti-Vti1, or 0.5 M Gyp1-46 and incubated for 60 min at 27C. Mon1p 
distribution was examined as described in part A.  
 
 
Figure 3.4. The nucleotide binding state of Ypt7 affected the distribution of Mon1 and 
binding of HOPS. Fusion reactions were performed using vacuoles that harbor WT, Ypt7Q68L or 
Ypt7T22N and incubated for 60 min at 27C. After incubation the reactions were separated into 
membrane and soluble fractions as described above. Membrane and supernatant fractions were 
examined by immunoblotting using antibodies against (A-B) Mon1, (C) Ypt7, and (D) Vps41. 
(A) A representative immunoblot of Mon1 distribution at 0 or 60 min of incubation using the 
indicated strains. (B-D) Shown are the quantitations of three experiments. Data represent mean 
values ± SEM.  
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Figure 3.5. Mon1 is phosphorylated prior to release. (A) Fusion reactions were incubated for 
the indicated times at 27C and resolved on 6% SDS-PAGE and probed for Mon1 and Ypt7 by 
immunoblotting. (B) Reactions were performed as described above and separated into membrane 
and supernatant fractions prior to resolving by 6% SDS-PAGE. Mon1p mobility was examined 
by immunoblot. Actin served as a loading control for pellets and supernatants. (C) A 60 min 
reaction was performed as describe above and treated with buffer or calf intestinal phosphatase 
(CIP) prior to immunoblotting. (D) The role of fusion activity on Mon1 was examined by 
blocking fusion with anti-Sec17 IgG. Inhibited reactions were bypassed by the addition of 
recombinant Vam7 in the indicated lanes. Controls lacking anti-Sec17 were performed in the 
presence or absence of ATP to detect the electrophoretic mobility shift of modified Mon1. After 
incubation at 27C the membranes and supernatants were separated and the membrane-bound 
fraction of Mon1 was detected by immunoblotting. * Indicates the cross reaction of the IgG 
heavy chain.  
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Figure 3.6. Yck3 phosphorylates Mon1 during the fusion reaction. (A) Fusion reactions were 
performed using vacuoles purified from WT and yck3 strains. The fusion reactions were 
incubated at 27C for the indicated times and processed for immunoblotting using antibodies 
against Mon1 and Vps41. (B) Fusion reactions containing yck3 vacuoles were performed as 
described above in the presence of buffer or 6 M recombinant His6-Yck3. After incubation the 
reactions were separated into membrane and supernatant fractions and processed for 
immunoblotting of Mon1p. Vam3 distribution was used as a control for the separation of soluble 
and membrane bound proteins. (C) In vitro phosphorylation assays of purified Mon1 and 
recombinant Yck3 were run in the presence or absence of ATP. Phosphorylated Mon1 was 
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Figure 3.6 (cont.).detected by immunoblotting. (D) To test if inhibiting protein kinase activity 
during the fusion reaction would affect Mon1 distribution staurosporine was added at the 
indicated concentrations. After incubation, the membrane-bound fraction of Mon1 was examined 
by immunoblotting.  
 
Figure 3.7. Mutations that abolish Mon1p phosphorylation by Yck3p prevent its mobility 
shift and release on vacuoles. (A) Fusion reactions were performed using vacuoles purified 
from WT, yck3, Mon1-6A, or Mon1-6D strains and incubated at 27C for the indicated times. 
Mon1 mobility was examined by resolving with 6% SDS-PAGE and immunoblotting using 
antibody against Mon1. Mon1 release was examined using vacuoles from yck3 (B), Mon1-6A 
(C), and Mon1-6D (D). Fusion reactions were incubated for 0 or 60 in the presence or absence of 
ATP. Reactions were separated into pellet and supernatant fractions and resolved by 6% SDS-
PAGE. Mon1 distribution was detected by immunoblotting. (E) Mon1-Ccz1 heterodimers were 
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Figure 3.7 (cont.). isolated from strains containing Mon1-6D and Mon1-6A. Complexes were 
resolved by SDS-PAGE and stained with Coomassie blue. Samples eluted with TEV protease 
were run next to samples after buffer exchange using NAP-5 columns. (F) WT fusion reactions 
were blocked with 0.5 M Gyp1. Fusion was rescued with the addition of purified wild type 
Mon1-Ccz1 (MC) heterodimer. Parallel reactions were treated with buffer or purified 
heterodimers containing Mon1-6A (6A MC) or Mon1-6D (GD MC). (G) Vacuole morphology of 
WT, Mon1-6D, and Mon1-6A were examined by FM4-64 staining. Bar, 10 m 
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CHAPTER 4:  HYPEROSMOTIC STRESS, DIACYLGLYCEROL KINASE 1 AND 
PHOSPHATIDIC ACID IN ENDOSOME RECYCLING 
 
 
ABSTRACT 
In this chapter we explored how osmotic conditions regulate the behavior of the fusion 
machinery in part by its effects on the Diacylglycerol kinase Dgk1, the casein kinase  Yck3, and 
how the sum of these events both defines compartmental identity and impacts the behavior of the 
HOPS fusion machinery and the choice of SNAREs used in the fusion reaction. 
INTRODUCTION 
While Pah1 activity and nutrient restriction promote endolysosomal fusion, osmotic 
shock induces several acute protective responses, which depend upon vacuolar kinases and 
regulatory lipids. A hyperosmotic environment results in a rapid increase of PI(3,5)P2 on the 
lysosome(Bonangelino et al., 2002), Ca2+ release via Yvc1(Denis, 2002) and subsequent 
vacuolar fragmentation.  Immediate re-fusion of vacuoles is prevented by the yeast casein kinase 
Yck3(Brett and Merz, 2008) which phosphorylates the HOPS component Vps41(Cabrera et al., 
2010b), the SNARE Vam3(Brett et al., 2008), and the GEF Mon1(Lawrence et al., 2014). 
PA and DAG kinases (Dgk) are also implicated in this protective response to 
hyperosmotic shock. In humans, hyperosmotic shock results in translocation of Dgk-η to 
endosomes(Matsutomo et al., 2013) and Dgk-δ to the plasma membrane(Takeuchi et al., 2012). 
Down regulation of Dgk-δ contributes to the insulin resistance induced by 
hyperglycemia(Chibalin et al., 2008). 
PA is also deeply integrated in the cellular sensing and response to the metabolic state. In 
yeast, PA acts as a pH sensor that couples metabolism to lipid synthesis(Young et al., 2010). 
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PA has also been linked to the TGN, as vesicles sorting from the TGN have been shown 
to be enriched in PA(Klemm et al., 2009). In yeast, Dgk1 normally localizes to the endoplasmic 
reticulum and was shown in a proteomic screen to interact with Sho1, a transmembrane osmo-
sensor involved in activation of the MAP kinase and the high-osmolarity glycerol (HOG) 
response pathways(Miller et al., 2005). 
In humans, PA is produced by both DAG kinases and Phospholipase D. PLD has been 
shown to promote fusion of GLUT4+ exocytic vesicles with the plasma membrane(Huang et al., 
2005). DAG kinases, and their product PA has been linked to recycling endosome biogenesis and 
formation of sorting domains in membrane transport(Xie et al., 2014).  
Given the demonstrated relationship between cellular metabolism, DAG, PA, Yck3 and 
osmotic conditions, we sought to explore the role of Dgk1 in endo-lysosomal trafficking. 
 
RESULTS 
Dgk1-GFP re-localizes upon osmotic shock 
Given the dramatic effect of PA on vacuolar fusion assays and the evidence from the 
literature demonstrating osmotic dependent relocalization of multiple DAG kinases, I generated a 
yeast strain expressing a Dgk1-GFP fusion(Longtine et al., 1998) and examined the cellular 
localization of this fusion protein in the BJ3505 background under various osmotic conditions. 
Yeast cells were grown with the vital dye FM4-64, which is endocytosed and accumulates on the 
vacuole membrane (Fig. 4.1) Following labeling of the vacuole, strains were subjected to 
osmotic shock by exposure to 1 molar solutions of the impermeant osmolyte sorbitol. In yeast, 
Dgk1 normally localizes to the endoplasmic reticulum(Kosodo et al., 2001) and in the control 
experiments, Dgk1-GFP exhibited a hazy distribution consistent with a diffuse association with 
endomembranes(Fig. 4.1). Upon osmotic shock, yeast Dgk1-GFP accumulated in bright, distinct 
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puncta adjacent to the pre-vacuolar compartment and seemingly contiguous with the plasma 
membrane(Fig. 4.1). While closely associated with the vacuole, the Dgk1-GFP does not appear 
to localize to the vacuole and is distinct from sites of vacuolar fusion. 
Osmotic Shock Mildly Increased levels of Dgk1-GFP on the vacuole 
To verify that Dgk1 was assorting to a compartment adjacent to and separate from the 
vacuole, we examined vacuolar protein levels of Dgk1 compared with vacuoles from control 
growth conditions and from yeast subjected to osmotic shock prior to vacuolar isolation. To 
assay the levels of Dgk1 on the vacuoles after osmotic shock, Dgk1-GFP BJ3505 were grown in 
YPD media and osmotically shocked using 1 M sorbitol for 30-60 minutes prior to vacuole 
isolation. The vacuolar protein composition was subsequently analyzed by western blot using 
antibodies against GFP or Dgk1(Han et al., 2008) to blot for Dgk1-GFP. (Fig. 4.2 lanes labeled 
Dgk and GFP). Consistent with Dgk1 assorting to a separate cellular compartment, osmotic 
shock resulted in no change or only a mild elevation of Dgk1 on the vacuole relative to the other 
vacuole proteins, as shown in left figure, Dgk1 and GFP lanes. Lanes are volumes of vacuoles 
loaded. 
The Osmotic dependent Regulatory lipids PI(3,5)P2 exhibits a dose dependent delay of 
Calcium efflux during Vacuole fusion 
In order to examine the effect of PA on vacuolar fusion and its protein machinery, we 
used di-octanoyl (diC8 PA) short chain analogs of phosphatidic acid, the product of Dgk1. diC8 
lipids are water soluble but have a strong propensity to partition into membranes and have been 
successfully used to query the effect of regulatory lipids in numerous experimental systems 
including studies of ion channel activity(Wang et al., 2012) and the lipid-protein interactions of 
the HOPS complex(Orr et al., 2015).   
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As a positive control, we first sought to confirm the physiological role of the regulatory 
lipids in control of in vitro vacuolar fusion. A hyperosmotic environment results in a rapid 
increase of PI(3,5)P2  on the lysosome(Bonangelino et al., 2002) and vacuolar fragmentation. We 
expected that diC8 PI(3,5)P2 would inhibit fusion and calcium efflux. Indeed, treatment with the 
short chain analog of PI(3,5)P2, diC8 PI(3,5)P2 (Echelon Biosciences) induced a dose dependent 
delay of vacuolar calcium efflux in fusion assays. (Fig. 4.3). This delay was linearly dependent 
upon the number of umoles of diC8 PI(3,5)P2 added, suggesting that the fusion machinery may 
require metabolism or degradation of the  PI(3,5)P2 prior to fusion.  
PA has differential effects on calcium release from WT and yck3 vacuoles 
Like PI(3,5)P2, other regulatory lipids which respond to hyperosmotic shock inhibited 
calcium efflux in fusion assays. As  previously shown, the osmotic dependent regulatory lipid, 
PA inhibits membrane fusion (Figure 2.9) as measured by content mixing assays. diC8 PA 
inhibits release of Ca+2 from wild type vacuoles (Figure 2.8) consistent with inhibition of trans-
SNARE pairing (Merz and Wickner, 2004) or inactivation of Yvc1(Denis, 2002). Intriguingly, 
application of diC8 PA exhibited differential effects on calcium release from WT and Yck3Δ 
vacuoles (Fig. 4.4). 
PA causes massive calcium release from Yck3Delta vacuoles which is abrogated by Yck3 
We asked if this effect was dependent on Yck3 signaling and if administration of 
exogenous Yck3 would recapitulate wildtype behavior. Indeed, wildtype behavior in yck3Δ 
vacuoles was recapitulated by co-administration of recombinant Yck3 (Fig.4.5).  
Dgk1Δ mutants have perturbations in PI4P distribution after osmotic shock 
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Phosphatidylinositol 4-phosphate is required late in the endosome to lysosome protein 
sorting and is enriched at exocytic sorting hubs(Santiago-Tirado and Bretscher, 2011). Given the 
demonstrated importance of both PA and PI4P in membrane transport sorting hubs we 
hypothesized that PI4P localization may be perturbed in Dgk1Δ mutants. We examined PI4P 
localization in the dgk1Δ mutants using the PI4P binding fluorophore GFP-2xPH (Osh2)(Stefan 
et al., 2011). We stained the vacuole with the vital dye FM4-64 and analyzed the localization of 
GFP-2xPH (Osh2) using fluorescence microscopy. Consistent with the literature, in wildtype 
strains the PI4P binding fluorophore localized to distinct puncta adjacent to the plasma 
membrane consistent with PI4P localizing to the Golgi apparatus (Fig. 4.6). In wild type strains 
following osmotic shock with 1 molar sorbitol, there was no apparent redistribution of PI4P (Fig. 
4.6). In stark contrast to wildtype, the Dgk1Δ mutants displayed a more diffuse distribution of 
PI4P in control conditions (Fig. 4.6). And, following osmotic shock, dgk1Δ mutants exhibited 
increased numbers of PI4P puncta and sustained and elevated PI4P on the plasma membrane. 
Dgk1Δ mutants also exhibit perturbations in the distribution of PI(4,5)P2 after osmotic 
shock 
PI(4,5)P2 is also implicated in endo-lysosomal trafficking and protein recycling(Tan et 
al., 2015). We monitored PI(4,5)P2 localization in the Dgk1Δ mutants under the same conditions 
using the PI(4,5)P2 binding fluorophore GFP-2×PH (PLCδ)(Stefan et al., 2002). We stained the 
vacuole with the vital dye FM4-64 and analyzed the localization of GFP-2×PH (PLCδ) using 
fluorescence microscopy. Consistent with the literature, in wild type strains the PI(4,5)P2  
binding fluorophore localized to the plasma membrane consistent with binding to the major 
known location of cellular PI(4,5)P2 (Fig. 4.7). In wild type strains following osmotic shock, 
there was no apparent redistribution of PI(4,5)P2. In contrast, in the dgk1Δ strains, there was an 
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aberrant accumulation of PI(4,5)P2 on the vacuole after sustained osmotic shock. The increase in 
fluorescence shown in the lower GFP panel of Fig. 4.7 is due to differences in exposure times.  
Vps41 release from the vacuole is increased in the Dgk1Δ mutant 
Hypothesizing that PA is also involved in vacuolar protein recycling and thus that there 
would be observable differences in the kinetics of the release of the fusion machinery after 
completion of fusion, I examined the time dependence of protein release from the vacuole during 
vacuolar fusion reactions. While the time course of protein release revealed no difference in 
release of Mon1, a protein known to be released dependent upon vacuole fusion(Lawrence et al., 
2014) there was a marked difference in the release of the Rab7 binding HOPS subunit Vps41 
from dgk1Δ vacuoles.  Unlike the fusion dependent release of Mon1, which was equal between 
the two strains, Vps41 was released much faster from the dgk1Δ vacuoles during the course of 
fusion reactions. (Right panel compare lanes 1 and 2). 
Addition of diC8 PA decreases release of Vps41 from dgk1ΔVacuoles  
We then asked if simply supplementing the vacuolar fusion reactions with short chain PA 
would rescue the release of Vps41 from dgk1Δ vacuoles. Consistent with this hypothesis, we 
observed an apparent reduction in the release of Vps41 from dgk1Δ vacuoles when fusion 
reactions were supplemented with diC8 PA(Fig. 4.9).   
Dgk1Δ mutants exhibit varying differences in susceptibility to panel of well-characterized 
inhibitors. 
Given this demonstrated effect on membrane recycling and we reasoned that impairment 
of a protein and lipid recycling pathway would likely confer susceptibility to inhibitors of 
specific components of the fusion pathway.  To test this, we used a panel of well-characterized 
inhibitors to query the state of the machinery participating in vacuolar fusion by using 
the apparent Inhibitory Concentrations (IC50) of fusion assays as readout of the state of the 
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fusion machinery. We first validated this assay by demonstrating that it faithfully reproduced 
several findings from the literature including previously published IC50 values, and subsequently 
used it compare the behavior of WT and Dgk1Δ vacuoles after osmotic shock, rapamycin or 
nutrient restriction.  
Dgk1Δ mutants exhibit greater sensitivity to the DAG binding ligand C1b 
As a positive control, we first examined susceptibility of fusion reactions to the DAG 
binding ligand C1b. Lacking the DAG kinase, and thus, hypothetically, containing more DAG, 
dgk1Δ vacuoles are hypothesized to be less susceptible to the DAG binding ligand C1b. 
Consistent with this hypothesis we found that dgk1Δ vacuoles exhibited decreased sensitivity, 
relative to the wild type, to inhibition by the DAG binding ligand C1b (Fig. 4.10).  
Rapamycin pretreatment confers resistance to antiVam7 inhibition  
What is the rationale for bringing in autophagy with dgk1 fusion? Rapamycin treatment, 
and subsequent induction of autophagy results in an increase of vacuolar PI3P(Knævelsrud and 
Simonsen, 2012) and the SNARE Vam7 binds vacuolar PI3P(Fratti and Wickner, 2007). Thus, 
Rapamycin treatment was hypothesized to confer resistance to inhibition by antiVam7 antibody. 
Consistent with these findings from the literature, pretreatment with rapamycin prior to vacuole 
isolation conferred resistance to inhibition by anti-Vam7 antibody (Fig. 4.11). 
WT and dgk1Δ mutants exhibit identical sensitivity to Vam3 and anti Vam7 inhibition 
WT and dgk1Δ fusion assays exhibited identical sensitivities to inhibition by anti Vam3 
antibodies (Fig. 4.12).  Previous studies by Mima et al showed that the presence of the SNARE 
Vam3 confers an absolute requirement for the presence of Vam7(Izawa et al., 2012). This result 
suggests that if WT and dgk1Δ vacuoles have identical in susceptibility to Vam3 inhibition they 
must also be identical in their susceptibility to Vam7. In agreement with this, WT and dgk1Δ 
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fusion assays also exhibited identical sensitivities to inhibition by anti Vam7 antibodies (Fig. 
4.11) 
dgk1Δ mutants are resistant to inhibition by the antibodies against the SNARE Nyv1 
Intriguingly, dgk1Δ vacuoles repeatedly demonstrated a greater resistance to inhibition by 
anti Nyv1 antibodies (Fig. 4.13). This effect is not believed to be due to a difference in the 
vacuolar levels of Nyv1 as western blots indicated that the levels were equivalent (C. Stoy/G. 
Lawrence Unpublished data).  
dgk1Δ mutants are susceptible to inhibition by the short chain diC8 PA 
Notably, even though hypothesized to be deficient in phosphatidic acid. dgk1Δ vacuoles 
were more sensitive to inhibition by supplementation with diC8 PA. (Fig 4.14). 
 
DISCUSSION 
Using a battery of experiments that tested different aspects of vacuolar transport and 
fusion, we characterized the role of Dgk1 and PA in osmotic dependent vacuole fusion and 
protein recycling pathways. In this study, we found that the DAG kinase Dgk1 responds to 
osmotic state, functions at a site distinct from the vacuole and inhibits vacuolar fusion and 
calcium release assays. The DAG kinase Dgk1 and its product, PA, oppose the profusion effects 
of the phosphatidic acid phosphatase Pah1 and its product DAG. This effect of PA is Yck3 
dependent and this has implications for protein and lipid sorting and recycling at the TGN. 
This role of DAG kinases in the establishment of recyclosomes is likely conserved across 
the eukarya. In humans, hyperosmotic conditions induces the translocation of several different 
DAG kinases to endosomes(Matsutomo et al., 2013) and the plasma membrane(Takeuchi et al., 
2012).  
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Although the sequence of yeast Dgk1 is completely unrelated to human DAG 
kinases(Han et al., 2008), the context dependent relocalization of DAG kinases in response to 
hyperosmotic conditions is highly conserved across species for completely unrelated DAG 
kinases.  
In yeast, Dgk1 normally localizes to the endoplasmic reticulum(Kosodo et al., 2001) and 
is involved in activation of the high-osmolarity glycerol (HOG) response pathway(Miller et al., 
2005). Stable contacts between the ER and endosome regulate endosomal fragmentation and also 
function as sorting domains(Rowland et al., 2014). 
Although Osmotic Shock did mildly increase Dgk1-GFP levels on the vacuole the 
preponderance of the evidence suggests that it is sorting to a separate membrane compartment 
adjacent to but separate from the vacuole.  
 PA has been linked to recycling endosome biogenesis and formation of sorting domains 
in membrane transport(Xie et al., 2014) specifically at the Trans Golgi Network (TGN). The 
TGN sorts lipids during transport carrier assembly and PA been linked to the TGN, as vesicles 
sorting from the TGN have been shown to be enriched in PA(Klemm et al., 2009). Consistent 
with Dgk1 playing a role in lipid sorting and recycling from the vacuole, Dgk1Δ mutants exhibit 
disturbances in the distributions of both PI4P and PI(4,5)P2 after osmotic shock. PI4P normally 
functions in exit from the Golgi apparatus and aberrantly accumulates on the plasma membrane 
after osmotic shock in the dgk1Δ mutants. Conversely, PI(4,5)P2 is normally present on the 
plasma membrane and aberrantly accumulates on the vacuole, strongly suggestive of a failure to 
sort lipids from endosomes and route them  to the TGN. 
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This data supports the hypothesis that PA and Dgk1 facilitate a recycling compartment 
within the TGN, with potential implications for the mechanisms of GLUT4 recycling or aberrant 
activation of the immune response in autoimmune diseases. These findings remain to be further 
corroborated by experiments demonstrating colocalization of Dgk1 with known markers of the 
Trans Golgi Network such as Vps45(Wandinger-Ness and Zerial, 2014).  
It is unknown if protein modification or transport protein association induces the 
migration of Dgk1 to the periphery. The absence of a detectable change in protein mobility 
following osmotic shock suggests against protein modification as the regulator of the formation 
of Dgk1 positive domains and supports protein-protein interaction, perhaps downstream of 
interactions with Osh1. 
The effect of the regulatory lipid PA on vacuolar fusion exhibited Yck3 dependence and 
this likely regulates protein trafficking and secretory vesicle formation in the AP-3 pathway. PA 
has differential effects on Ca2+ release from WT and yck3Δ vacuoles, with PA causing massive 
Ca2+ release from yck3Δ vacuoles, which was abrogated by supplementation with recombinant 
Yck3. Although addition of PA dramatically increased Ca2+ efflux, it didn’t appreciably increase 
fusion as measured by content mixing assays.  
Vps41 is a coreceptor for anionic membrane lipids and functions as an amphipathic 
curvature sensing motif in the AP-3 transport pathway(Cabrera et al., 2010a). Phosphorylation of 
Vps41 at the vacuole switches its affinity allowing it to bind AP-3 vesicles. Vps41 loses the 
ability to bind to these anionic membrane lipids following phosphorylation by Yck3. This is 
supported by the observation that Vps41 release from the vacuole is increased in the dgk1Δ 
vacuoles and addition of PA rescues release of Vps41 from dgk1Δ Vacuoles. The importance of 
this is not that it has this effect; it is that it is so specific for PA. Addition of other anionic 
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membrane lipids such as various phosphoinositide species to yck3Δ Ca2+ assays didn’t result in a 
similar Ca2+ release indicating that it has a very specific coreceptor function for Vps41.  
An alternative hypothesis is that PA and Vps41 promote vesicle budding and subsequent 
fusion. Recent work has implicated the cytosolic adaptor protein AP-3 and Vps41 in self-
assembly of membrane proteins. Vps41 self-assembles into a lattice, suggesting that it acts as a 
coat protein for AP-3 in the regulated secretory pathway(Asensio et al., 2013). Thus, PA could 
facilitate the budding of these vesicles and the calcium release observed upon application of diC8 
PA in yck3Δ vacuoles is simply budding and subsequent fusion of budded vesicles with 
vacuoles,  
Although the possibility exists that this could be dose dependent, this hypothesis is less 
likely, as addition of diC8PA to dgk1Δ vacuoles does not promote the release of Vps41, instead 
inhibiting the release of Vps41.  
To query the state of the fusion machinery in the WT and dgk1Δ background, we probed 
for differences in the protein machinery catalyzing vacuolar fusion by using the apparent IC50 of 
a panel of well-characterized inhibitors as a readout of the state of the fusion machinery.  
 We first validated this assay by demonstrating it returned experimental results consistent 
with various findings from the literature, and subsequently used it to examine several hypotheses 
about the SNARE machinery catalyzing membrane fusion of WT or dgk1Δ vacuoles after 
osmotic shock, rapamycin or nutrient restriction. 
Dgk1Δ strains lack the ability to convert DAG to PA and thus are hypothesized to have 
elevated vacuolar DAG. Consistent with this hypothesis, dgk1Δ strains exhibited resistance to 
the DAG binding ligand C1b. and rapamycin conferred resistance to inhibition of the PI3P 
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binding SNARE Vam7. Both the IC50 of the inhibitor, and the broader implication of these 
findings are in agreement with previously published data in the literature. 
 Importantly, the inhibition assays demonstrated that WT and dgk1Δ vacuoles are equally 
susceptible to both anti-Vam3 and anti-Vam7 inhibitions. This is a critical demonstration of the 
assays ability to query the state of the SNAREs bundled by the HOPS complex. In vitro assays of 
SNARE pairings show that Vam3 confers an absolute requirement for the presence of 
Vam7(Izawa et al., 2012).  And thus, if WT and dgk1Δ vacuoles exhibit identical susceptibility 
to inhibition by anti-Vam3 they must also exhibit identical susceptibility to inhibition by anti-
Vam7.  
Specific SNAREs function in different trafficking pathways(Burri and Lithgow, 2004) 
and mark the progression through the various endocytic compartments. There is some degree of 
plasticity in vacuolar SNARE pairings. ER-Golgi and intra-Golgi SNARE-complex assemblies 
are highly stringent, whereas endosomal and vacuolar SNAREs are somewhat 
promiscuous(Furukawa and Mima, 2014). 
 A gradual exchange of SNARE partners helps demarcate compartmental identity along 
the endocytic pathway.  The early/recycling endosome uses the Qc-SNAREs Tlg1 instead of 
Vam7. The subsequent compartment, the prevacuolar compartment contains the Qa-SNARE 
Pep12. After transport to the vacuole from the pre-vacuolar compartment, Pep12 is replaced by 
Vam3(Prescianotto-baschong and Riezman, 2002), which confers a strict requirement for the 
presence of Vam7.  Fusion at the vacuole relies on the R-SNARE Nyv1 and the 3 Qabc SNAREs 
Vam3, Vti1, and Vam7. 
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However, vacuolar fusion can use either the R-SNARE Ykt6 or Nyv1(Burri and Lithgow, 
2004). Ykt6 functions in transport through the ER to Golgi to the vacuole(Burri and Lithgow, 
2004) while Nyv1 functions from the trans Golgi  to the prevacuolar compartment to the 
vacuole(Burri and Lithgow, 2004).  
Intriguingly, although the susceptibility of WT and dgk1Δ fusion to Vam3 and Vam7 
inhibition were identical, our assay repeatedly demonstrated that dgk1Δ strains exhibited 
resistance to Nyv1 inhibition. However, there were no discernable differences in the vacuolar 
levels of Nyv1 or other SNAREs between the WT and dgk1Δ mutants (C. Stoy and G. Lawrence, 
unpublished data) implying a difference in the assembly of the fusion machinery, potentially the 
conformation of the R-SNARE or its association with the HOPS complex.  
Recent work from our lab showed that PA regulates binding of Sec18 to cis SNAREs. 
SNAREs partition into lipid microdomains regulated by their lipid affinities(Milovanovic et al., 
2015). PA has been shown to regulate the binding of other SNAREs such as Sso1 and 
Sso2(Mendonsa and Engebrecht, 2009). 
In vitro proteoliposome fusion experiments demonstrate that HOPS favors an asymmetric 
distribution of lipids on the fusing liposomes. The presence of the lipid PI(4,5)P2 stimulated 
membrane fusion when it was on proteoliposomes bearing the R-SNARE Nyv1, apposed to Q-
SNARE proteoliposomes bearing PI3P(Xu and Wickner, 2010).  This suggests that the presence 
of PA on vesicles may have a similar function in promoting the use of the SNARE Nyv1 over 
that of Ykt6.  
The longin domain R-SNARE Ykt6 exhibits a lipid dependent conformational change 
that controls its activity(Wen et al., 2010). The longin domain R-SNAREs Ykt6, Nyv1, and 
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Sec22b all use a conserved molecular mechanism where the longin domains fold back onto the 
SNARE coiled-coil domain to inhibit its membrane interaction(Daste et al., 2015).  
This suggests a mechanism where PA regulates the conformation of Ykt6 to allow its 
inclusion in SNARE pairings. Lack of PA in dgk1Δ mutants allows an increase in Ykt6 SNARE 
pairing which compensates for inhibition of Nyv1 by the antibody. If the presence of PA does 
inhibit the allowance of Ykt6 binding, this hypothesis would be consistent with increased 
susceptibility of dgk1Δ vacuoles to inhibition by the short chain lipid diC8 PA which is indeed 
observed.  
Following osmotic shock, the vacuole undergoes extensive fragmentation but must 
eventually refuse. After fragmentation and loss of much of the fusion machinery conferring 
compartmental identity, how does the cell reestablish identity of the TGN and the prevacuolar 
compartment? 
The SNARE Vam3 is phosphorylated by the osmotic dependent casein kinase Yck3. The 
phosphorylation of Vam3 functions in conversion of compartmental identity by switching 
preference for certain SNARE pairings. The phosphorylation site of Vam3 is in the acidic di-
leucine sorting motif required for recycling via the AP3 pathway(Darsow et al., 1998). This 
phosphorylation site regulates the interchange of Vam3 for the Qc SNARE Pep12. 
Vam3 conferred a stringent requirement for the presence of the Qc-SNARE Vam7(Izawa 
et al., 2012). Substitution of Vam3 with its prevacuolar compartment homolog Pep12 allowed 
fusion with liposomes bearing the Qc-SNAREs Tlg1 or Syn8. The physiological significance of 
this mechanism accounts for the observation that Pep12 overexpression can rescue Vam3 
deletion(Götte and Gallwitz, 1997).   
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This evidence supports a model where Dgk1 and the production of phosphatidic acid, in 
conjunction with the activity of the vacuolar casein kinase, Yck3, functions in conversion of the 
identity of the fragmented endolysosome to that of the prevacuolar compartment in part by 
inhibiting the affinity of the HOPS complex for membrane lipids and modulating the vacuoles 
preference for certain SNARE pairings. 
MATERIALS AND METHODS 
 
Reagents 
Reagents were dissolved in PS buffer (20 mM PIPES-KOH, pH 6.8, 200 mM sorbitol).  
Antibodies against Vam3(Nichols et al., 1997), Nyv1(Ungermann et al., 1998), anti-Dgk1(Han 
et al., 2008). Antibodies to Vps41, Vps39, Mon1(Wang et al., 2003a), Ccz1(Wang et al., 2003a), 
Vam7 and GFP were previously described. The antibody against Dgk1 was a kind gift from Dr. 
George Carman, Rutgers University. The recombinant proteins His6-Gyp1-56(Wang et al., 
2003b), were prepared as described and stored in PS buffer with 125 mM KCl.  Plasmids 
pRS424GFP-2xPH(Osh2) (Addgene plasmid # 36095). pRS426GFP-2×PH(PLCΔ) (Addgene 
plasmid # 36092) were purchased from Addgene. Rapamycin was purchased from Sigma and 
dissolved in DMSO. Growth media reagents were from Difco. diC8 lipids were purchased from 
Echelon Biosciences and dissolved in PS buffer. 
 
Strains 
BJ3505 (MATα pep4::HIS3 prb1-Δ1.6R his3–200 lys2–801 trp1Δ101 (gal3) ura3–52 
gal2 can1) and DKY6281 (MATa leu2–3 pho8::TRP1 leu 2–112 ura3–52 his3-D200 trp1-D901 
lys2–801) were used for fusion assays(Haas et al., 1995).  DGK1 knock out strains were 
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described previously(Han et al., 2008) and were a gift from George Carman .  
Dgk1 was GFP tagged in the BJ3505 background by homologous recombination with the 
kanMX6 cassette using PCR products amplified from pFA6a-GFP-kanMx6(Longtine et al., 
1998) with homology flanking the Dgk1 coding sequence. The PCR product was transformed 
into BJ3505 by standard lithium acetate methods and plated on YPD media containing G418 
(250 µg/L) to generate BJ3505 Dgk1-GFP kanMX6. Transformants were selected and 
incorporation of the tag verified by microscopy and western blot or PCR.  
 
Vacuole isolation and in vitro vacuole fusion   
Vacuoles were isolated by floatation as described(Haas et al., 1995). Standard in vitro 
fusion reactions (30 μL) contained 3 μg each of vacuoles from BJ3505 and DKY6281 
backgrounds, fusion reaction buffer (20 mM PIPES-KOH pH 6.8, 200 mM sorbitol, 125 mM 
KCl, 5 mM MgCl2), ATP regenerating system (1 mM ATP, 0.1 mg/mL creatine kinase, 29 mM 
creatine phosphate), 10 μM CoA, and 283 nM IB2. Reactions were incubated at 27°C and Pho8p 
activity was assayed in 250 mM Tris-Cl, pH 8.5, 0.4% Triton X-100, 10 mM MgCl2, 1 mM p-
nitrophenyl phosphate. Fusion units were measured by determining the p-nitrophenolate 
produced min−1·μg−1 pep4Δ vacuole and absorbance was detected at 400 nm. 
Protein complexes were examined by immunoblotting. Secondary antibodies conjugated 
to alkaline phosphatase were used with ECF reagent (GE Healthcare). 
 
Microscopy 
Vacuole morphology was monitored by incubating yeast cells with YPD broth containing 
the vital dye FM4-64 (Invitrogen). Cultures were grown overnight to saturation, diluted to ~0.2 
OD600 in YPD containing 5 μM FM4-64, grown for 1 hour in 30°C shaker, washed with PBS, 
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resuspended in YPD, incubated at 30°C for 1-2 hour, washed in PBS, and mounted on glass 
slides for observation by fluorescence microscopy. Images were acquired using a Zeiss Axio 
Observer Z1 inverted microscope equipped with an X-Cite 120XL light source, Plan 
Apochromat 63X oil objective (NA 1.4), and an AxioCam CCD camera. 
During microscopy of starved or osmotically shocked strains, engineered strains were 
grown in YPD media, the vacuole labeled by the vital dye FM4-64 and the yeast subsequently 
subjected to osmotic shock by transferring yeast to YPD containing 1 M sorbitol for 30 minutes 
followed by examination of the localization of Dgk-GFP examined by fluorescence microscopy.  
Ca2+ efflux assay 
SNARE-dependent Ca2+ efflux was measured as described(Merz and Wickner, 2004; 
Sasser et al., 2012)with some modifications. Fusion reactions (60 µL) contained 20 µg of 
vacuoles isolated from BJ3505 backgrounds, fusion reaction buffer with 10 μM CoA, and 283 
nM IB2. In lieu of the luminescent Aequorin Ca
2+ detection system we used the low affinity 
fluorescent probe Fluo-4-dextran at 200 μM (Invitrogen). Reaction mixtures were transferred to a 
black, half-volume 96-well flat-bottom microtiter plate with nonbinding surface (Corning). ATP 
regenerating system was added and reactions were incubated at 27°C while monitoring Fluo-4 
fluorescence (ex = 488 nm; em = 520 nm). 
 
FIGURES 
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Figure 4.1. Osmotic Shock results in Dgk1-GFP forming a Dgk1-GFP compartment 
adjacent to the vacuole.   
Wild type yeast cells harboring Dgk1-GFP were incubated with 5 μM FM4-64 to label vacuoles. 
Cells were washed with PBS and grown for 1 h in label-free YPD to chase the dye into the 
vacuole. Cells were osmotically shocked by incubation in YPD media containing 1 M sorbitol 
for 30 minutes, and then washed with PBS and mounted for microscopy. GFP images were 
acquired using a 38 HE Green Fluorescent Protein shift-free filter set and FM4-64 images were 
acquired using a 43 HE CY 3 shift-free filter set. Cells were photographed using differential 
interference contrast (DIC). Row 1 - Osmotically Shocked cells. Panel 1 - Vacuole labeled with 
FM4-64. Panel 2 - GFP-Dgk1. Panel 3 – overlay of FM4-64 and GFP. Row 2 - no treatment 
controls. Panel 4 - Vacuole labeled with FM4-64. Panel 5 - GFP-Dgk1. Panel 6 overlay of FM4-
64 and GFP. 
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Figure 4.2. Osmotic shock mildly increases levels of Dgk1-GFP on the vacuole. Dgk1-GFP 
strains were either given no treatment or osmotically shocked in 1 molar sorbitol for 1 hour prior 
to vacuolar isolation. Vacuoles were then isolated and examined for the components of the 
fusion machinery. Immunoblots were performed using antibodies against Vps41, Vps39, Vps33, 
Ccz1, Dgk1 and GFP.  
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Figure 4.3.  Short chain PI(3,5)P2 exhibits a dose dependent delay of vacuolar Ca2+ efflux in 
fusion assays. Vacuoles were harvested from BJ3505. Fusion reactions (2X) were prepared 
containing 20 g of vacuoles and 200 M Fluo4-dextran. Reactions were treated with buffer or 
diC8 PI(3,5)P2 (Echelon Biosciences) Immediately after addition of ATP or PS buffer, reactions 
were incubated at 27C and fluorescence was measured for 90 min. Shown are representative 
experiments of several repeats.  
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Figure 4.4.  Short chain PA inhibits Ca2+ Efflux from WT vacuoles but induces a dramatic 
release of vacuolar Ca2+ from yck3Δ Vacuoles. Vacuoles were harvested from BJ3505 or 
yck3Δ cells. Fusion reactions (2X) were prepared containing 20 g of vacuoles and 200 M 
Fluo4-dextran. Reactions were treated with 33.3 g/ml diC8 PA or buffer. Immediately after 
addition of ATP or PS buffer, reactions were incubated at 27C and fluorescence was measured 
for 90 min. Reactions were treated with buffer or diC8 PA. Shown are representative 
experiments of several repeats.  
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Figure 4.5.  Short chain PA exhibits a Yck3 dependent effect on vacuolar Ca2+ efflux in 
fusion assays. Vacuoles were harvested from yck3Δ cells. Fusion reactions (2X) were prepared 
containing 20 g of yck3Δ vacuoles and 200 M Fluo4-dextran. Reactions were treated with 67 
g/ml diC8 PA and 30 g/ml recombinant Yck3 or diC8 PA alone. Immediately after addition of 
ATP or PS buffer, reactions were incubated at 27C and fluorescence was measured for 90 min. 
Shown are representative experiments of several repeats.  
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Figure 4.6. Osmotic Shock of dgk1Δ cells results in aberrant localization of PI4P.  Wild type 
and dgk1Δ yeast cells transformed with the pRS424GFP-2xPH (Osh2) to express the PI4P 
binding fluorophore, were incubated with 5 μM FM4-64 to label vacuoles. Cells were washed 
with PBS and grown for 1 h in label-free YPD to chase the dye into the vacuole. Cells were 
osmotically shocked by incubation in YPD media containing 1 M sorbitol for 30 min, and then 
washed with PBS and mounted for microscopy. GFP images were acquired using a 38 HE Green 
Fluorescent Protein shift-free filter set and FM4-64 images were acquired using a 43 HE CY 3 
shift-free filter set. Cells were photographed using differential interference contrast (DIC). 
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Figure 4.7. Osmotic Shock of dgk1Δ cells results in aberrant localization of PI(4,5)P2.  Wild 
type and dgk1Δ yeast cells were transformed with the plasmid pRS426GFP-2×PH(PLCδ) to 
express the PI(4,5)P2 binding fluorophore. Transformants were incubated with 5 μM FM4-64 to 
label vacuoles. Cells were washed with PBS and grown for 1 h in label-free YPD to chase the 
dye into the vacuole. Cells were osmotically shocked by incubation in YPD media containing 1 
M sorbitol for 30 min, and then washed with PBS and mounted for microscopy. GFP images 
were acquired using a 38 HE Green Fluorescent Protein shift-free filter set and FM4-64 images 
were acquired using a 43 HE CY 3 shift-free filter set. Cells were photographed using 
differential interference contrast (DIC). 
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Figure 4.8. Vps41 exhibits accelerated release from dgk1Δ vacuoles during the fusion 
reaction. (A) Fusion reactions containing WT or dgk1Δ vacuoles were incubated at 27C for 0, 
10, 30 or 60 min. After incubation the membrane fraction was isolated by centrifugation. The 
membrane fraction and supernatants were examined for the release of the components of the 
fusion machinery from vacuoles. Immunoblots were performed using antibodies against Mon1, 
Vps41.  
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Figure 4.9. Release of Vps41 by dgk1Δ vacuoles during fusion is partially rescued by 
addition of short chain PA. Fusion reactions containing dgk1Δ vacuoles were treated with 
buffer(Panel A) or 33.3 g/ml diC8 PA(Panel B) and incubated at 27C for 0, 10, 30 or 60 min. 
After incubation the membrane fraction was isolated by centrifugation. The membrane fraction 
and supernatants were examined for the release of the components of the fusion machinery from 
vacuoles. Immunoblots were performed using antibodies against Ccz1, and Vps41.   
Panel A. dgk1Δ vacuoles 
                         PELLETS        SUPERNATANTS     
    L     0   10    30    60      0       10       30 60 
Panel B. dgk1Δ vacuoles with 33.3 g/ml diC8 PA 
               PELLETS      SUPERNATANTS 
L       0      10       30      60      0        10        30      60 
106 
 
 
 
Figure 4.10. Dgk1Δ vacuoles are less sensitive to inhibition by the DAG binding ligand C1b 
during the fusion reaction. The susceptibility of the two strains was examined in fusion 
reactions by treatment with inhibitors that targeted different regulatory lipids or components of 
the fusion machinery. Reactions were treated with buffer, or increasing concentrations of the 
DAG binding ligand C1b, and incubated for 60 min at 27C following which extent of fusion 
was assayed and expressed as a percent of the uninhibited control plus or minus the standard 
error. 
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Figure 4.11. Pretreatment with Rapamycin prior to Vacuole Isolation conferred resistance 
to anti Vam7 inhibition of fusion reactions. Yeast cultures were treated with 100 nM 
Rapamycin during vacuole isolation. Fusion reactions containing WT or dgk1Δ vacuoles were 
treated with buffer, or various concentrations of anti-Vam7, and incubated for 60 min at 27C 
following which extent of fusion was assayed and expressed as a percent of the uninhibited 
control plus or minus the standard error. 
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Figure 4.12. Dgk1Δ and WT vacuoles are equally susceptible to inhibition by anti vam3 
antibody during the fusion reaction. Fusion reactions containing WT or dgk1Δ vacuoles were 
incubated at 27C. Reactions were treated with buffer, or various concentrations of anti Vam3, 
and incubated for 60 min at 27C following which extent of fusion was assayed and expressed as 
a percent of the uninhibited control plus or minus the standard error.  
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Figure 4.13. Dgk1Δ vacuoles are resistant to inhibition by anti Nyv1 antibody during the 
fusion reaction. Fusion reactions containing WT or dgk1Δ vacuoles were treated with buffer, or 
various concentrations of anti-Nyv1 and incubated for 60 min at 27C following which extent of 
fusion was assayed and expressed as a percent of the uninhibited control plus or minus the 
standard error.  
  
Ice Control
Ice Control
0
0.2
0.4
0.6
0.8
1
1.2
0.01 0.1 1 10 100 1000
%
 O
f 
C
o
n
tr
o
l F
u
si
o
n
 
Concentration of anti Nyv1 in (μg/ml)
BJ
Delta
Dgk
110 
 
 
 
 
Figure 4.14. PA Sensitivity of Dgk1Δ or WT fusion reaction. The susceptibility of the two 
strains was examined in fusion reactions by treatment with inhibitors that targeted different 
regulatory lipids or components of the fusion machinery. Reactions were treated with buffer, or 
increasing concentrations of diC8PA, and incubated for 60 min at 27C following which extent 
of fusion was assayed and expressed as a percent of the uninhibited control plus or minus the 
standard error.  
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CHAPTER 5: REVIEW OF LIPID AND PHOSPHORYLATION DEPENDENT 
REGULATION OF GUANINE NUCLEOTIDE EXCHANGE FACTORS AND ITS 
APPLICATION TO THE GEF MON1 
 
 
ABSTRACT 
Mon1-Ccz1 is a Longin domain containing guanine nucleotide exchange factor which 
acts in the transition from an early to late endosome. The endosomal pathway responds to 
osmotic stress and cellular metabolism and is regulated in part, by the lipids of the endosome and 
phosphorylation of Mon1-Ccz1. 
This review surveys the common themes underlying lipid and phosphorylation dependent 
regulation of guanine nucleotide exchange factors and applies this knowledge to an examination 
of the mechanism and regulation of the endosomal guanine nucleotide exchange factor, Mon1-
Ccz1.  
 
 
INTRODUCTION 
Ras GTPases (G-Proteins) are binary molecular switches controlling diverse cellular 
processes. The Ras superfamily is divided into five major families: Ras, Rho, Arf/Sar, Ran, and 
Rab which integrate diverse extracellular stimuli and regulate processes including membrane 
traffic, intracellular signaling, cell migration, and cell division (Rojas et al., 2012). 
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G proteins 
Structurally, all GTPases are comprised of a 6-stranded beta sheet and 5 alpha helices. 
All GTPases contain an invariant threonine in a characteristic guanine nucleotide binding motif 
(Cherfils and Zeghouf, 2013; Hayes and Der, 2014) and a “P” loop, which binds the GTP beta 
phosphate and magnesium ion (Vetter and Wittinghofer, 2001). G-proteins possess two more 
variable motifs known as switch 1 and switch 2. These motifs sense the nucleotide binding state, 
are involved in nucleotide hydrolysis, and are engaged in most interactions with downstream 
effectors of the activated G protein (Biou and Cherfils, 2004). Switch1 contains a conserved 
threonine residue which coordinates a magnesium ion important in nucleotide binding (Hayes 
and Der, 2014). Switch 2 contains a motif that interacts with the  phosphate of GTP.  
G proteins possess a hypervariable region (HVR) in the carboxy terminus. Post-
translational modification of this hypervariable region regulates GTPase localization and 
activity. Ras, Rho, and Rab families are modified by farnesyl or geranylgeranyl isoprenoid 
lipids, which serve as membrane targeting motifs and promote membrane binding. Reversible 
acylation in the HVR can promote dynamic membrane interactions and localization and can be 
used to discriminate amongst potential substrates (Calvo et al., 2011). 
Phosphorylation in the HVR is also used to alter both membrane binding and interaction 
with downstream effectors. Phosphorylation of small GTPases within their C-terminal HVR 
typically decreases plasma membrane interaction and promotes association with internal cellular 
membranes. 
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GEFS, GAPS, GDIs 
There are three major classes of regulatory proteins that help control localization and 
activity of GTPases: GTPase activating proteins (GAPs), Guanine Nucleotide Dissociation 
Inhibitors (GDIs), and Guanine nucleotide-exchange factors (GEFs). GAPs inactivate GTPase by 
inducing the hydrolysis of GTP to GDP (Bos et al., 2007; Vigil et al., 2010). Most Rab GAPs 
contain Tre2-Bub2-Cdc16 (TBC) domains, and accelerate the intrinsic GTP hydrolysis rate 
(Gavriljuk et al., 2012).GDIs ferry the GTPase between the membrane and the cytosol. GDIs 
solubilize the GTPase by binding the farnesyl tail and prevent aggregation (Goody et al., 
2005).Guanine nucleotide-exchange factors (GEFs) activate G-proteins by catalyzing exchange 
of GDP for GTP. GEFs have evolved numerous diverse strategies to catalyze nucleotide 
exchange. Most GEFs distort switch 1, allowing dissociation of bound nucleotide. Several GEFs 
insert an acidic residue into the phosphate-binding site to expel the bound nucleotide by 
electrostatic repulsion. Other GEFs insert a hydrophobic residue in the Mg2+ binding site to expel 
it by hydrophobic repulsion, while others distort the nucleotide-binding motif of switch 2.  
 
Although activity of G-proteins is inherently binary, the level of their activation is scaled 
by the GEFs in a process of combinatorial signal integration (Bos et al., 2007). Precise 
spatiotemporal control of GEF activity is critical to proper function. GEFs integrate numerous 
pieces of information such as the membrane lipid environment, subunit phosphorylation, or the 
presence of calcium, to regulate the nucleotide exchange rate and the overall level of G protein 
activation.  
Eukaryotes use regulatory lipids as markers of the various intracellular compartments, 
cell polarity (Downes et al., 2005) and as secondary signaling systems. These lipids coordinate 
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the GTPases and their GEFs controlling the physiological processes. The evolutionary 
importance of lipids as a GEF control strategy and the deep integration of the two systems is 
illustrated by the number and diversity of GEFs that are fused to lipid modifying enzymes.For 
example; Phospholipase C-1 is a Ras GEF (Choi et al., 2004), Connecdenn GEFs are fused to 
MTM lipid phosphatase motifs (Yoshimura et al., 2010), Phospholipase D2 is a GEF for Rac2 
(Mahankali et al., 2012), and the Phosphatidylinositol/phosphatidylcholine transfer protein 
Sec14 is present in Rho GEFs such as Kalirin (Schiller et al., 2008). 
 
Other GEFs possess lipid specific binding domains (Lemmon, 2008) such as PH, FYVE, 
or C1B which direct them to the correct intracellular compartment or membrane domain. GEF 
activity in solution is typically orders of magnitude less than activity measured in the lipid 
environment (Cabrera et al., 2014). However, specific lipid recognition is typically only one 
element of control. 
A common strategy employed in the precise spatiotemporal control of GEF activity is 
auto-inhibition. GEFs are usually recruited to their place of action in an inactive form where it 
receives activation signals, typically from membrane lipids or, in some cases, binding an 
allosteric activator or phosphorylation. Protein kinases are often targeted to these same domains 
by the lipid binding domains. Phosphorylation can allow exposure of lipid binding site or switch 
affinity for anionic lipids via simple electrostatic repulsion (McLaughlin and Aderem, 1995) and 
thus modulate protein-lipid interactions.   
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MEMBRANE LIPIDS ORCHESTRATE G PROTEINS 
Diacyclglycerol (DAG) 
 The most important membrane lipids in control of GEFs are Diacyclglycerol (DAG), 
Phosphatidic Acid (PA), and Phosphoinositides. DAG is produced by phospholipase C 
(Kadamur and Ross, 2013) or phosphatidic acid phosphatases(Tang et al., 2015). DAG is 
required for the transition from an early to a late endosome (Sasser et al., 2012) and is required 
for control of autophagy (Shahnazari et al., 2010). DAG is used as a secondary signaling system 
in cell signaling and DAG can activate the downstream kinase Protein Kinase C (PKC) 
(Steinberg, 2008).  
 
Phosphatidic Acid (PA)  
PA is produced by Phospholipase D (PLD) (Bruntz et al., 2014)and DAG kinases (Luo et 
al., 2004; Cai et al., 2009). PA is especially important in the regulation of GEF activity in the 
nervous system and immune system (Tu-Sekine and Raben, 2011). There are numerous DAG 
kinases in humans. Consistent with a regulatory role, many exhibit context dependent 
localization. In addition, PA is important in protein and lipid sorting and recycling (Klemm et 
al., 2009; Giridharan et al., 2013; Xie et al., 2014) and is necessary for activation of Tor by the 
Rag GTPases (Bar-Peled et al., 2012). Importantly, PA has a pKa close to physiological pH. PA 
was identified as a proton responsive signal (Young et al., 2010) which coordinates cellular 
processes in eukaryotes. Numerous GEFs contain lipid binding motifs such as PH or FYVE 
which exhibit proton dependent membrane interactions (Stahelin, 2008). This finding has 
important implications for understanding the pH dependence of GEF membrane interactions and 
activity in relation to the cellular metabolic state or the Warburg effect in cancer.  
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Phosphoinositides 
Phosphoinositides are the markers of the various intracellular compartments and cell 
polarity (Downes et al., 2005; Idevall-Hagren and De Camilli, 2015; Viaud et al., 2015) and 
coordinate the various machinery of cytokinesis (Cauvin and Echard, 2015). Phosphoinositides, 
in conjunction with Rab GTPases, act in demarcation of individual membrane domains and 
cellular compartments (Stenmark, 2009; Jean and Kiger, 2012). 
 Phosphoinositides regulate the GTPases which operate within specific membrane 
compartments. Especially important to the endosomal environment where Mon1-Ccz1 operates 
is the phosphoinositide PI3P which is enriched on early endosomes as a result of the actions of 
the PI-3-kinase Vps34 (Raiborg et al., 2013). PI3P regulates the actions of the GEF 
Mon1(Cabrera et al., 2014; Lawrence et al., 2014) is important in induction of autophagy and 
formation of autophagosomes(Juhász et al., 2008) and is important of the sorting(Stack and Emr, 
1994) of the various machinery controlling fusion of endosomes. 
 
GTPASES BY FAMILY 
 
Ras GTPases 
Ras proteins are activated downstream of receptor tyrosine kinases (Han et al., 2008) and 
control cell proliferation, survival, and differentiation (Jun et al., 2013). There are four Ras 
isoforms in humans. Ras exhibits extremely sophisticated mechanisms of lipid dependent 
regulation. H-, N-, and K-Ras isoforms exhibit nucleotide dependent segregation into distinct 
membrane microdomains that differ in lipid composition and cholesterol dependence. H-Ras, N-
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Ras, and K-Ras4A can be reversibly modified by lipidation of the hypervariable region (HVR), 
which controls their localization to the Golgi or the plasma membrane. K-Ras4B lacks a 
lipidated HVR and instead possesses a polybasic membrane targeting sequence, which may be 
phosphorylated to control membrane association. 
 
There are three subfamilies of Ras GEFs: SOS, RasGRFs, RasGRPs. SOS and RasGRFs 
contains motifs to activate both Rho and Ras GTPases while RasGRPs can only activate Ras.  
These GEFs differ in structure, tissue expression and regulation(Buday and Downward, 2008). 
  
Son Of Sevenless 
There are two members of SOS-family Ras GEFs in humans, SOS1 and SOS2. SOS is 
both a Ras and Rac GEF, The CDC25 and REM domains of SOS1/2 catalyze nucleotide 
exchange on Ras and the DH-PH (Dbl homology and Pleckstrin homology) domains stimulate 
GTP/GDP exchange for Rac (Pierre et al., 2011). In addition, SOS GEFs contain numerous 
distinct functional domains including a histone-like fold (HF), and a proline-rich (PR) domain. 
These structural motifs tune its activity level and allow it to respond to signals from the 
membrane lipids DAG or PI(4,5)P2, phosphorylation by resident kinases, or the presence of Ras 
itself (Jun et al., 2013).  
 
Ras or Rac nucleotide exchange occurs in separate protein complexes. Ras nucleotide 
exchange occurs in association with Grb2, which links phosphotyrosine residues of the tyrosine 
kinase receptor to SH3 domains in the C terminus of SOS. Recruitment to the receptor occurs in 
concert with binding to membrane lipid by the HF domain. HF mediates interaction with 
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PI(4,5)P2. SOS is allosterically activated by Ras-GTP (Gureasko et al., 2010; Pierre et al., 2011). 
SOS contains a lipid binding DH-PH domain (Gureasko et al., 2008). In SOS, the DH domain 
prevents access to the allosteric Ras binding pocket (Sondermann et al., 2004). PA binding to the 
PH domain releases auto-inhibition by the DH-PH unit (Gureasko et al., 2010), allowing Ras 
binding to the allosteric site and full activation of Ras nucleotide exchange activity. 
 
Ras nucleotide exchange is downregulated by phosphorylation at serine and threonine 
residues in its C terminus. MAP kinases phosphorylate SOS within three proline-rich SH3-
binding sites in the C-terminal domain (Corbalan-Garcia et al., 1996). Similarly, the kinase RSK 
phosphorylates SOS1 at Ser1134 and Ser1161 which creates DOCKing sites for 14-3-3 proteins 
and negatively regulates MAPK activation (Saha et al., 2012). Rac activation by the PH-DH 
domain of SOS occurs in a separate complex from Ras activation (Innocenti et al., 2002). SOS-1, 
E3b1, and Eps8 form a complex for Rac activation with the phosphoinositide 3-kinase (PI3K 
)(Innocenti et al., 2003). Activation of the PI3K pathway disrupts the PH-DH interaction in 
SOS1 and opens the Rac binding site, allowing Rac exchange activity. In contrast to the effect of 
SOS phosphorylation on its Ras activity, phosphorylation at tyrosine residues by the kinase Abl 
increases exchange activity towards Rac(Sini et al., 2004). 
 
RasGRFs 
In contrast to the ubiquitously expressed SOS, RasGRF proteins are expressed 
predominantly in the central nervous system. RasGrf1 and RasGrf2 are highly related but exhibit 
multiple splice variants which show tissue dependent expression(Buday and Downward, 2008). 
Like SOS, RasGRFs act as a GEF for Rac and Ras and contain numerous functionally distinct 
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motifs. Key differences between the two GEFs is that instead of the lipid binding HF domain, 
RasGRFs have an N-terminal PH domain important for membrane binding (Fernández-Medarde 
and Santos, 2011)and lipid dependent regulation (Jun et al., 2013). Unlike the SOS GEFs, 
RasGRF GEFs are not allosterically activated by Ras (Freedman et al., 2009) and instead are 
activated by calcium/calmodulin binding and by phosphorylation. 
 
RasGRF2 and RasGRF1 directly bind to the Rho GTPase Cdc42 to regulate Cdc42 
activation and to regulate the mode of cell migration (Calvo et al., 2011). RasGrf1 is reported to 
be activated by LPA (lysophosphatidic acid) (Fernández-Medarde and Santos, 2011). RasGRF1 
is phosphorylated by the kinases Src and LCK and this phosphorylation determines substrate 
preference. Phosphorylation by LCK increases its capacity to stimulate the GDP/GTP exchange 
on Ras (Giglione et al., 2001). Src phosphorylation was shown to stimulate exchange activity 
towards Rac (Kiyono et al., 2000).  RasGRF1 is also phosphorylated at Ser 927 by Protein 
Kinase A (Norum et al., 2005). Phosphorylation of RasGRF2 at Ser737 by CDK5 inhibits Rac1 
activation with no effect on Ras activation (Kesavapany et al., 2004). 
 
RasGRPs 
RasGRPs are expressed primarily in haematopoietic cell lineages and activate the Ras, R-
Ras, and/or Rap family of proteins (Mitin et al., 2005). RasGRPs are regulated through DAG, 
calcium, and phosphorylation. RasGRPs have a catalytic region containing a Ras exchange motif 
(REM) and a CDC25 domain followed by a DAG-binding C1B domain (Mitin et al., 2005; 
Buday and Downward, 2008; Stone, 2011). In vivo, the C1 domains of RasGRP1, RasGRP3 and 
RasGRP4α relocalize to membranes in response to DAG, while RasGRP2 and RasGRP4β do not 
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(Johnson et al., 2007). Some Ras GRPs, such as RasGRP1, possess a pair of calcium-binding EF 
hands between the C1b domain (Stone, 2011) which confer calcium dependence. RasGRPs also 
exhibit auto-inhibition by forming inactive homo-dimers. Binding of calcium and DAG 
overcome auto-inhibition resulting in activation (Langemeyer et al., 2014). Calcium and 
membrane lipids also control substrate preference. RasGRP2 can activate N-Ras, K-Ras, and 
Rap1. The nucleotide exchange activity of RasGRP2 toward N-Ras is stimulated by DAG and 
inhibited by calcium (Clyde-Smith et al., 2000). Similarly, DAG kinase iota inhibits RapGEF 
activity and activates the Ras GEF activity of RasGRP3 (Regier et al., 2005). 
 
RasGrp1 functions downstream of both T and B cell receptors (Stone, 2011). PKC 
phosphorylates Thr184 of RasGrp1(Zheng et al., 2005). This phosphorylation of RasGRP1 by 
PKC-δ at Ser332 is required for Ca2+-dependent Erk activation by RasGRP1(Limnander et al., 
2011). RasGrp2 is important in platelet adhesion (Stone, 2011). RasGRP2 does not bind DAG 
(Johnson et al., 2007) and instead is activated by PKC downstream of DAG. PKA-mediated 
phosphorylation of RasGRP2 enhances its GEF activity on Rap1 to regulate neuronal 
excitability(Nagai et al., 2016). In platelets, phosphorylation of S587 by PKA correlated with the 
inhibitory effect of PKA on Rap1b activation in platelets(Subramanian et al., 2013). RasGRP3 
acts downstream of the B-cell receptor (Stone, 2011). RasGrp3 Binds DAG (Johnson et al., 
2007; Buday and Downward, 2008) and is phosphorylated by PKC (Teixeira et al., 2003) at 
Thr133(Aiba et al., 2004). RasGRP4 controls Ras activation in mast cells (Stone, 2011). 
RasGRP4 lacks the PKC phosphorylation site, however it binds and is regulated by PKC. 
 The molecular mechanism whereby phosphorylation activates RasGRPs is not 
completely understood. Phosphorylation by PKC is in a highly conserved TQRKK motif and the 
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basic regions of RasGRPs are highly conserved amongst isoforms. Phosphorylation may help 
open the binding site by decreasing electrostatic attractions or decreasing attraction to the 
membrane.  
Rho GEFS 
 
Rho family GEFs 
Rho, Rac and Cdc42 regulate cell shape, migration, signaling, and polarity (Sadok and 
Marshall, 2014; Ridley, 2015). Rho members are distinguished by a unique insert between the 
G4 and G5 boxes, which is used to interact with many of its downstream effectors. Rho controls 
cell motility via activation of the Rho-ROCK Cascade (Ridley, 2015). Rac is activated 
downstream of Rho during migration and is important for induced endocytosis and the formation 
of specialized membrane microdomains in neurons and immune cells (Yakubchyk et al., 2005; 
Bai et al., 2015). Cdc42 is important in cell polarity and microtubule stability (Mack and 
Georgiou, 2014). Cdc42 helps control polarized secretion at the Golgi complex by the exocyst 
complex(Farhan and Hsu, 2015). This functional separation amongst the Rho subfamilies is 
reflected in the GEFs that activate them. There are two types of Rho GEFS; the Dbl and DOCK 
family(Goicoechea et al., 2014). 
 
The DH-PH domain 
The DH-PH containing Dbl GEFs can activate Rho, Cdc42 or Rac but typically act on 
multiple members of the family. DH-PH GEFs possess an N-terminal auto-inhibitory sequence 
that are often deleted in cancer (Cook et al., 2013). Lipids are important regulators of the DH-PH 
domains (Viaud et al., 2012, 2015). In addition, many DH-PH domain GEFs contain lipid 
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binding modules such as BAR, FYVE, C1, and C2 domains which regulate their activity (Cook 
et al., 2013). 
 
DH GEFs catalyze release of bound GDP by remodeling the switch1 region to distort the 
nucleotide-binding pocket and insert a conserved leucine near the magnesium-binding site to 
eject the nucleotide. DH-PH GEFs discriminate between their substrates by the DH domain and 
structural elements between the switch regions of the GTPases (Rossman et al., 2005).  These 
interactions are highly variable among different DH domains and GTPases, and they mediate 
selectivity among the Rho-GTPase family. 
 
The Rac1 GEF Vav1 is important in immune cell function and is phosphorylated 
downstream of Src family kinases (Mesecke et al., 2011). The PH domain regulates Vav1 
activity by interaction with PI(4,5)P2 and PI(3,4,5)P3. PI(3,4,5)P3 enhances the GEF activity of 
Vav1, while PI(4,5)P2 inhibits it (Lazer and Katzav, 2011). The DH active site is auto-inhibited 
by a helix from an adjacent acidic domain (Rapley et al., 2008). This auto-inhibition is relieved 
by phosphorylation of Tyr174 of Vav1. Phosphorylation displaces the auto-inhibitory motif from 
the DH domain (Yu et al., 2010). Vav1 is further activated by phosphorylation at Tyr142 and 
Tyr160 in the N terminus of the acidic element (Yu et al., 2010). The sum of membrane 
interactions and phosphorylation act to fully activate GEF exchange activity. 
 
Trio and Kalirin 
Both Trio and Kalirin contain two discrete DH-PH domains, which have distinct 
substrate specificities. Like many other GEFs, they use a lipid enzyme motif as a lipid-binding 
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module. Trio uses an N-terminal Sec14 lipid-transfer motif (Van Rijssel and van Buul, 2012) to 
bind the membrane. The Sec14 domain of Kalirin-7 is important in binding PI(3,5)P2 and PI3P 
(Schiller et al., 2008). Trio is broadly expressed but has several isoforms which differ in timing 
and tissue expression while Kalirin-7 is predominantly expressed in the nervous system (Schmidt 
and Debant, 2014). Sec14 domains can bind specific phospholipids including phosphatidylserine, 
phosphatidylcholine and various phosphoinositides (Saito et al., 2007; Schaaf et al., 2008). 
The first GEF domain of Trio activates both Rac1 and RhoG while the second acts 
specifically on RhoA (Van Rijssel and van Buul, 2012). Trio is phosphorylated by the Src family 
kinase Fyn at Tyr2622 in its second SH3 site to regulate axon outgrowth (DeGeer et al., 2013). 
Alternative promoter use alters the N-terminus of the Sec14 domain (Miller et al., 2015). The N-
terminus of Sec14 controls the lipid binding characteristics of the phosphoinositide-binding 
amphipathic helix and regulates cellular localization (Miller et al., 2015). Kalirin-7 is 
phosphorylated in vivo by Calmodulin kinase II, PKA, and PKC (Kiraly et al., 2011).  
Phosphorylation of Ser79, adjacent to the lipid-binding Sec14 domain increased lipid binding 
(Ma et al., 2014) and activated Rac GEF activity. The RhoGEF activity of Kalirin-7 is negatively 
regulated by phosphorylation at Ser591 by Abl kinase (Ma et al., 2014). Phosphorylation 
produces a substantial change in the conformation of Kalirin-7. There is also a Cdk5 dependent 
phosphorylation of Thr1590, after the first GEF domain in Kalirin-7. Phosphorylation at this site 
increased both GEF activity and solubility of Kalirin-7 and mutation of this site results in a 
failure to extend axons (Xin et al., 2008). 
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The DOCK GEFS 
 
In contrast to the broad substrate specificity of the Dbl GEFs, DOCK GEFs exclusively 
activate Rac and Cdc42 (Gadea and Blangy, 2014). There are four subfamilies of DOCK GEFs. 
DOCK-A and -B activate Rac1, DOCK-C activates both Cdc42 and Rac1, while DOCK-D 
specifically activates Cdc42(Laurin and Côté, 2014).  
Instead of a PH-DH module, DOCK family GEFs contain the DOCK Homology Region 
(DHR) DHR1-DHR2 module. Analogous to the PH-DH domains, DHR1 is important for the 
membrane targeting and DHR2 is responsible for GEF activity. DOCK family GEFs eject GDP 
by inserting a conserved valine residue into the Mg2+ binding site (Yang et al., 2009). The 
substrate selectivity of DOCK GEFs is conferred by specific residues within the β-3 strand and 
switch 1 of the GTPase (Kwofie and Skowronski, 2008; Kulkarni et al., 2011).  
 
The DOCK-A/B GEFs (DOCK1-5) employ two notable lipid and phosphorylation 
dependent strategies in their regulation. First, DOCK-A/B GEFs form complexes with WAVE 
proteins through the DHR-1 domain (Namekata et al., 2010). This association is disrupted when 
DOCK1–4 become phosphorylated. Secondly, DOCK-A/B GEFs are recruited to membranes by 
their binding partner ELMO (Engulfment and Motility) (Miyamoto and Yamauchi, 2010). 
ELMO proteins contain a C-terminal atypical PH domain, a central DOCK binding domain and a 
membrane targeting motif in its N terminus (Manishha Patel, 2011). 
 
The N-terminal region of DOCK1 auto-inhibits GEF its activity through interacting with 
its DHR-2 domain. ELMO1 binding to the N terminus of DOCK1 removes this inhibition 
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allowing Rac binding to the DHR-2 domain. This same strategy is used by other DOCKA/B 
GEFs (Hanawa-Suetsugu et al., 2012). ELMO1 directly binds to the SH3 domain of 
hematopoietic cell kinase (HCK). The subsequent phosphorylation on Y511 of ELMO1 by HCK 
(Awad et al., 2015) controls cell migration and phagocytosis. Phosphorylation of ELMO1 at 
Tyr724 by Src induces Rac1 activation (Makino et al., 2015) and the tyrosine kinase Axl 
phosphorylates ELMO on a conserved carboxyl-terminal tyrosine residue. ELMO2 is 
phosphorylated on Y713 and subsequently forms a physical complex with Axl (Abu-Thuraia et 
al., 2015). 
 
Production of PI(3,4,5)P3 promotes localization of the DOCK1-ELMO complex at the 
cell periphery and polarized activation of Rac1. DHR-1 domain directs it to PI(3,4,5)P3 using a 
basic pocket on its upper surface for recognition of the PI(3,4,5)P3 (Premkumar et al., 2010). 
DOCK1 is phosphorylated downstream of EGFR signaling by the Src family kinases Fyn and 
Lyn. Phosphorylation at Y722, Y1811, or S1250 increases its GEF activity for Rac1. 
Phosphorylation of DOCK1 at Y722 between the DHR1 and DHR2 regions stimulates Rac 
activation (Feng et al., 2012). PKA phosphorylates DOCK1 at S1250 in the DHR2 motif 
stimulates GEF activity (Feng et al., 2014). Downstream of PDGFR signaling, Src kinase 
phosphorylates DOCK1 at Y1811 resulting in activation (Yamamoto et al., 2013).  
The other DOCKA/B GEFs are similar in their regulation. DOCK2 is recruited to the 
membrane by interactions between PI(3,4,5)P3 and DHR-1. GEF activity requires PLD–
dependent production of PA, which interacts with the C terminal basic PA-binding motif of 
DOCK2 (Nishikimi et al., 2009). DOCK3 forms a protein complex with Fyn and WAVE1 at the 
plasma membrane downstream of TrkB (Namekata et al., 2010). Membrane recruitment of 
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DOCK3 is necessary for DOCK3 phosphorylation. Phosphorylation is enhanced by interaction of 
DOCK3 with ELMO (Namekata et al., 2012). DOCK3 dissociates from the WAVE complex and 
activates Rac in a phosphorylation-dependent manner.DOCK4 activates Rac1 and Rap1. DOCK4 
is phosphorylated by GSK-3b which enhances Wnt-induced Rac1 activation (Upadhyay et al., 
2008). 
 
DOCKC members (DOCK6-8) bind to PI(4,5)P2 and PI(3,4,5)P3 (Jungmichel et al., 
2014). DOCK6 is phosphorylated by Akt at Ser1194 in the catalytic DHR2 region leading to the 
inhibition of its GEF activity (Miyamoto et al., 2013). DOCK6 phosphorylation by Akt inhibited 
axon growth while PP2A dependent dephosphorylation stimulated axon extension (Namekata et 
al., 2014). 
DOCK7 functions in Schwann cell migration and differentiation (Yamauchi et al., 2008, 
2011) and regulates neuronal polarity (Watabe-Uchida et al., 2006). In human cancer cells, 
DOCK7 binds to the receptor for advanced glycation end products (RAGE) cytoplasmic domain 
and transduces a signal to Cdc42. Blocking DOCK7 suppresses dendritic pseudopodia formation 
and cellular migration(Yamamoto et al., 2013). In Schwann cells, DOCK7 functions as an 
intracellular substrate for ErbB2 to promote Schwann cell migration(Yamauchi et al., 2008). 
DOCK7 is activated upon phosphorylation at Y1118 between the DHR1 and the DHR2 modules 
increases exchange activity toward Rac and Cdc42. 
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Arf GTPases  
 
Arfs control vesicular transport and cytoskeletal organization. Arfs cooperate with Rab 
GTPases to modulate the membrane lipid environment and orchestrate the steps of membrane 
recycling and transport (Shi and Grant, 2013). Arfs orchestrate these activities, in part, by 
recruiting lipid modifiers including PLD, PI 4-kinase, and PI4P 5-kinase (Donaldson and 
Jackson, 2011). Arfs have several structural features that distinguish them from the other 
GTPases. (Jackson, 2014). Arfs are not lipid modified in the HVR. Instead, Arf proteins are 
myristoylated at their N-terminal amphipathic helices (Jackson and Bouvet, 2014). In their active 
GTP-bound form, Arfs insert this N-terminal myristoylated region into the membrane to closely 
associate with membrane lipids (Gillingham and Munro, 2007). Because of this difference in 
lipid modification Arfs do not require delivery to membranes by Guanine Nucleotide 
Dissociation Inhibitors (GDIs). In addition, Arfs possess a large interswitch region between 
Switch 1 and Switch 2 that is involved in maintaining the inactive conformation. 
 
There are 5 major families of Arf GEFs in humans, all of which contain a Sec7 catalytic 
domain. However, an atypical GEF for Arf3 was recently discovered within yeast AMPK (Hsu et 
al., 2015). This domain is conserved in humans and will likely prove to be a GEF for mammalian 
Arf6. Sec7 bears many structural similarities to the Vps9 domain Rab GEFs. It forms a coiled-
coil structure with a hydrophobic core between the coils that forms the GTPase interface. Sec7 
domains activate Arf GTPases by binding and distorting the switch 1 and 2 of the Arf. This 
bends the nucleotide binding pocket of the Arf into the glutamate finger of the GEF and ejects 
the bound GDP by electrostatic repulsion (Casanova, 2007). 
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GBF, BIG1 and BIG2 
 
The GBF, BIG1, and BIG2 GEFs act sequentially in the Golgi apparatus (Donaldson and 
Jackson, 2011). The N terminal motifs of GBF and BIG1 and BIG2 are necessary and sufficient 
for membrane localization (Wright et al., 2014). The activity of the lipid kinase PI4KIIIα and its 
product, PI4P, is necessary for GBF1 association with membranes (Wright et al., 2014) in the 
Golgi. The C-terminus of GBF1 contains a BP3K domain which directly bind to PI(3,4,5)P3 and 
PI(3,5)P2. Upon stimulation of GPCR, GBF1 translocates to the cell membrane where it binds to 
PI(3,4,5)P3 using its BP3K domain (Mazaki et al., 2012). During mitosis, GBF1 is 
phosphorylated by AMPK at Thr1337 (Miyamoto et al., 2008). This phosphorylation, in the 
phosphatidylinositol-phosphate binding region, is required for disassembly of the Golgi during 
mitosis (Mao et al., 2013).  
 
BIG1 and BIG2 
 
BIG1 and BIG2 anchor the myosin phosphatase complex and regulate myosin IIA 
activity (Le et al., 2013). Both BIG1 and BIG2 can bind PKA and possess PKA phosphorylation 
sites. Phosphorylation by PKA at Ser883 of BIG1 inhibits its GEF activity(Kuroda et al., 2007). 
PKA-catalyzed phosphorylation caused nuclear accumulation of BIG1 but not BIG2. This 
phosphorylation at Ser883 is in Loop “J” at the carboxy terminus of the Sec7 domain. The loop J 
motif is also present in GBF1, BIG2, and ARNO. Loop J forms part of the substrate-binding 
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pocket for Arf and is essential for the catalytic activity of Arf GEFs(Lowery et al., 2011). Loop J 
phosphorylation defeats GTP binding and is required for relocalization of BIG1 to the cytosol.  
 
Cytohesins, ARNO and GRP 
 
The Cytohesin/ARNO/GRP family GEFs are phosphoinositide-dependent Arf GEFs that 
contain a Sec7- PH domain tandem and activate Arf6 at the cell membrane (Casanova, 2007; 
Donaldson and Jackson, 2011). The PH domain binding PI(3,4,5)P3 recruits the GRP family 
GEFs to the membrane. Splice variants which differ in the number of glycine residues in the 
b1/b2 loop of the PH domain differ in affinity and specificity for phosphoinositides. The tri-
glycine variant of the b1/b2 loop has a 30-fold lower affinity for PI(3,4,5)P3 (Cronin et al., 2004) 
than the di-glycine variant.  
 
The crystal structure of the Grp1 Sec7-PH tandem shows that Grp1 is auto-inhibited by 
the linker region between the domains and a C-terminal amphipathic helix that physically 
occludes the Arf GTPase binding site (DiNitto et al., 2007). This auto-inhibition may be 
overcome by mutations in these site or phosphorylation. Cytohesin 1 is phosphorylated by Fyn at 
Y382 during its activation (Yamauchi et al., 2012). Similarly, PKC phosphorylates 
ARNO/Cytohesin1 at S392 in the auto-inhibitory motif at the C terminus of the PH domain 
(Santy et al., 1999). Cytohesin-1 is phosphorylated at S394 and T395 in its carboxyl-terminal 
polybasic domain to control its association with the actin cytoskeleton (Dierks et al., 2001). 
Phosphorylation of Cytohesin2 causes it to dissociate from Arf6 and be released into the cytosol 
(van den Bosch et al., 2014). 
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IQSEC and BRAG 
 
The IQSEC/BRAG family Arf GEFs act at the plasma membrane, the endosome, and can 
localize to the nucleus (Donaldson and Jackson, 2011). IQSEC/BRAG GEFs possess a 
calmodulin binding IQ motif which confers calcium dependence. The crystal structure of Arf1–
BRAG2 complex indicates that the atypical PH domain coordinates the catalytic Sec7 domain 
and its substrate by interacting with the Arf (Aizel et al., 2013). Multiple phosphorylation sites of 
the family are predicted and BRAG GEFs are likely regulated by phosphorylation in vivo.  
 
Rabs, Rags and Rheb 
 
Rabs play important roles in vesicle-associated processes, including vesicle formation, 
transport, recycling and exocytosis and compartmentalization of the endomembrane system 
(Wandinger-Ness and Zerial, 2014). Rab GEFs are noteworthy for their broad mechanistic and 
structural diversity and their function as part of a large multisubunit tethering complexes 
controlled by lipids, phosphorylation, and Rab GAP cascades (Jean and Kiger, 2012). These 
large multisubunit tethering complexes control both trafficking and fusion of vesicles (Yu and 
Hughson, 2010). Rab GEFs exhibit two distinct mechanisms. In the first, GDP-release is 
promoted by interaction of the P-loop lysine with the conserved glutamine residue of switch II. 
In the second type, the Rab P-loop lysine interacts with a negatively charged residue provided by 
the GEF (Langemeyer et al., 2014). 
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Vps9 
 
Vps9 domain GEFs include Rabex5, Alsin, and Rins1-3 (Carney et al., 2006). The Vps9 
GEFs act on the Rab5 related GTPases and function in endocytosis and protein sorting at the 
early endosome. Like the Arf GEF Sec7, the Vps9 domain is a dimeric coiled-coil with the 
GTPase interacting region a hydrophobic groove formed by the two alpha helices. The Vps9 
domain recognizes the Rab5 subfamily by conserved aromatic residues in the switch I region of 
the Rab (Delprato et al., 2004). Vps9 domain-containing GEFs activate their substrate by 
inserting an acidic residue into the phosphate-binding site to eject the bound nucleotide by 
electrostatic repulsion (Delprato and Lambright, 2007). And, like Sec7, Vps9 domain GEFs 
exhibit auto-inhibition via an amphipathic helix which occludes the substrate binding site 
(Delprato and Lambright, 2007).   
 
Rabex-5 is a GEF for Rab5 as well as an ubiquitin E3 ligase for Ras, which functions in 
sorting of general cargo for transport between the plasma membrane and endosomes. The 
exchange activity of Rabex-5 is auto-inhibited by an amphipathic α-helix that binds the 
substrate-binding site of the GEF domain. Binding of Rabaptin-5 to Rabex-5 displaces the 
amphipathic helix and expose the substrate-binding site (Zhang et al., 2014d). Endosomes 
normally have distinct domains of Rab4, Rab5, and Rab11. PKD phosphorylates Rabaptin-5 at 
Ser407, which switches the substrate preference from Rab5 to Rab 4 and controls receptor 
recycling (Christoforides et al., 2012).  
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Rin proteins regulate the endocytosis and trafficking of specific proteins in response to 
signals from external stimuli, including integrins (Sandri et al., 2012), cadherins (Kimura et al., 
2006) and the EGF receptor (Balaji and Colicelli, 2013). Rin1 participates in Ras-activated 
endocytosis (Tall et al., 2001) and has functions in direct activation of Rab5 mediated 
endocytosis and is implicated in the activation of Abl tyrosine kinase (Bliss et al., 2006). 
Blocking Rin1 activation of Rab5 enhanced recycling, while blocking Rin1 activation of Abl 
increased receptor degradation (Balaji and Colicelli, 2013). Phosphorylation of Rin1 on Tyr36 by 
Abl tyrosine kinases promotes binding to the SH2 domain of Abl (Bliss et al., 2006) and 
subsequent complex stabilization and kinase activity. Protein kinase D (PKD) phosphorylates 
Rin1 at Ser292. This phosphorylation controls Rin1 mediated inhibition of cell migration by 
modulating the activation of Abl kinases (Ziegler et al., 2011). Rin3 acts downstream of receptor 
tyrosine kinase Kit (Janson et al., 2012). Rin3 is translocated to early endosomes following 
treatment with tyrosine phosphatase inhibitors (Yoshikawa et al., 2008) and the N-terminal 
proline rich domain of Rin3 interacts with the SH3 domain of amphiphysin II (Kajiho, 2003). 
 
Sec2 
 
The exocyst is a highly conserved multi-subunit protein complex controlling polarized 
exocytosis (Heider and Munson, 2012). The exocyst subunit Sec3 contains a PH domain which 
interacts with PI(4,5)P2 and a number of small GTPases including Cdc42 (Heider and Munson, 
2012). During polarized exocytosis, the Rab Sec4 catalyzes fusion of exocytic vesicles with the 
cell membrane (Itzen et al., 2007). Sec2 is the GEF for the exocytic Rab Sec4 and promotes 
maturation of the exocytic vesicles.  Like Sec7, Sec2 is a homodimeric coiled-coil (Dong et al., 
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2007). Sec2 distorts the nucleotide-binding pocket by perturbing both switch 1 and switch 2. 
This disrupts stacking interactions between a conserved phenylalanine residue and the nucleotide 
as well as the interaction between the P loop and the nucleotide Beta phosphate (Dong et al., 
2007; Sato et al., 2007).  
 
Polarized exocytosis is dependent on a Rab GAP cascade (Nottingham and Pfeffer, 
2009), which is coordinated by both GEF phosphorylation and regulatory lipids. The GEF Sec2 
is recruited to the membrane by the upstream Rab Ypt32 GTP and PI4P (Mizuno-Yamasaki et 
al., 2010). Sec2 is initially prevented from binding its effector Sec15 by an auto-inhibitory motif 
between residues 450-508. The presence of the regulatory lipid PI4P maintains Sec2 in its auto-
inhibited state by interacting with three positively charged patches within the auto-inhibitory 
motif (Mizuno-Yamasaki et al., 2010). As exocytic vesicles progress along the secretory 
pathway, PI4P levels decrease as a result of the PI4P transporter Osh4/Kes1 (Ling et al., 2014) 
on the exocytic vesicle and a PI4P 5-kinase, Mss4 (Johansen et al., 2012) located at the plasma 
membrane. This gradient of PI4P orchestrates the sequential interactions of Sec2 with Ypt32 and 
Sec15. In conjunction, phosphorylation of Sec2 helps switch the affinity of Sec2 for its 
downstream binding partner. Sec2 is phosphorylated at Ser181, Ser186, and Ser200. This 
phosphorylation inhibits binding to Ypt32 and decreases binding to PI4P (Stalder et al., 2013). 
The phosphorylated form of Sec2 binds preferentially to Sec15, a downstream effector of Sec4 
and a component of the exocyst tethering complex (Stalder et al., 2013). 
 
These yeast structures and their regulation are shared by the mammalian proteins 
Rabin3/8 and GRAB, which are also predicted to contain coiled-coil motifs and function in 
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exocytosis (Dong et al., 2007). The mammalian ortholog of Sec2, Rabin8, exhibits a native auto-
inhibited conformation and possesses an analogous tri-serine phosphorylation motif with 
homologous function. Rabin8 is phosphorylated by ERK1/2 during EGF signaling and Rabin8 
phosphorylation switches binding specificity from phosphatidylserine to Sec15 (Chiba et al., 
2013). 
 
Longin and Roadblock domains 
 
Longins and the closely related Roadblock domains are an evolutionary ancient motif, 
which form dimeric interaction platforms for GTPases. Longin domains are thought to derive 
from prokaryotic GTPase-activating proteins (Zhang et al., 2012a). The bottom surface of 
Longin domain dimers is hydrophobic and responds to membrane lipids while the top binds Rabs 
or signaling proteins involved in membrane trafficking and metabolism (Levine et al., 2013b). 
Longin domains are excellent for sensing and integrating information because they are modular, 
and form context dependent interactions. Longin domains typically form a homodimer, a 
heterodimer or fail to interact, depending on conditions such as the membrane lipids or 
phosphorylation (Kinch and Grishin, 2006; Levine et al., 2013b). Longin/Roadblock domain 
proteins include the SNAREs Nyv1 (Kinch and Grishin, 2006), and Ykt6 (Hasegawa et al., 2004; 
Kinch and Grishin, 2006) the Rab7/Ypt7 GEF Mon1 (Cabrera et al., 2014), the BLOC-3 
complex, and several components of the TRAPP complex. DENN domain GEFs contain Longin 
domains within the DENN domain (Wu et al., 2011). The closely related Roadblock domains 
(Levine et al., 2013b) are present in Ragulator, the GEF for the Rag GTPases (Bar-Peled et al., 
2012).  
139 
 
 
DENN domains 
 
The DENN GEFs control trafficking of the mannose-6-phosphate receptor via Rab9, 
apical sorting via Rab10 (Yoshimura et al., 2010) and Rab35-dependent trafficking to the trans 
Golgi network. The DENN domain GEF C9orf72 was implicated in endosomal trafficking in 
neurons and neurodegeneration (Zhang et al., 2012a; Levine et al., 2013a; Farg et al., 2014). The 
DENN GEFs contain a central DENN module flanked by upstream (uDENN) and downstream 
(dDENN) motifs, connected by variable linkers (Marat et al., 2011). The DENN domain in 
complex with its Rab substrate assumes a bi-lobed heart shaped structure. A Longin module 
forms one lobe with a β-sheet forming the second and a long random coil linking the two (Wu et 
al., 2011). Similar to other Rab GEFs, DENN domains remodel the nucleotide-binding site of 
their target Rab by binding switches I and II, allowing release of bound GDP (Wu et al., 2011). 
The DENN domain binds membrane lipids with a preference for PI3P (Allaire et al., 2010) and 
this characteristic is shared by the DENN GEFs connecdenn-1, -2, and -3 (Marat et al., 2011). 
The GEF activity of connecdenn-1 and -2 is auto-inhibited, and inhibition is relieved by Akt 
downstream of insulin stimulation (Kulasekaran et al., 2015). Connecdenn-1 is phosphorylated 
in an Akt dependent manner at Ser536 and Ser538, this creates interaction sites for 14-3-3 
proteins which relieves the auto-inhibition (Kulasekaran et al., 2015). Similarly, ULK 
phosphorylates DENND3 at S554 and S572. This creates 14-3-3 docking sites on DENND3 and 
subsequent binding upregulates its Rab12 GEF activity and autophagosome trafficking (Xu et 
al., 2015).  
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BLOC-3 
 
The BLOC complexes control endocytic trafficking and protein sorting from the early 
endosome to lysosomes and lysosome-related organelles (Lee et al., 2012). BLOC-3 is a 
heterodimeric GEF for Rab32/38 (Gerondopoulos et al., 2012) and is comprised of the Longin 
domain subunits Hps1 and Hps4. Like other Rab GAP cascades involved in endosomal 
maturation, the BLOC-3 complex is recruited to membranes by interactions between Hps4 and 
the GTP-bound form of its preceding Rab, Rab9. The interaction between Hps1 and Hps4 is 
critical for complex assembly and point mutations in the interacting regions destabilize the 
complex (Carmona-Rivera et al., 2013). Hps4 contains predicted phosphorylation sites.  
 
The TRAPP Complex 
 
The TRAPP complex is a highly conserved multimeric GEF, which regulates multiple 
membrane trafficking pathways (Barrowman et al., 2010; Brunet and Sacher, 2014). In humans, 
there is one observable TRAPP complex with multiple functions. In yeast, there are several 
distinct complexes (TRAPP-I/II/III). TRAPP1 forms a functional core subcomplex. Longin 
domains form the GTPase interfaces and are present in Bet5/TRAPPC1, Trs20/TRAPPC2, 
Trs23/TRAPPC4, and Trs130/TRAPPC10 (Levine et al., 2013b). The presence of various 
subunits specific to TRAPPII and TRAPPIII allows them to adopt different functions or 
substrates (Barrowman et al., 2010). This subunit association and activity is dependent upon on 
the membrane lipids and subunit phosphorylation. 
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TRAPP I is a multisubunit GEF for Rab1/Ypt1 that functions in the COP II dependent 
ER to Golgi traffic (Sacher et al., 2008). In TRAPP I the Bet5 (TRAPPC1)/Trs23(TRAPPC4) 
Longin domain dimer forms a platform for Rab1/Ypt1p (Brunet and Sacher, 2014). The structure 
of Ypt1 in complex with TRAPP I indicates that during charging, switch 1 of Ypt1 is rearranged, 
opening the nucleotide binding pocket. The acidic C-terminus of Bet3A subsequently inserts into 
the nucleotide-binding pocket of Ypt1 to eject the bound nucleotide by electrostatic repulsion 
(Cai et al., 2008).  TRAPPC4 has a PDZ like domain which is absent in the yeast Trs23. PDZ 
domains can bind lipids (Ye and Zhang, 2013), but this PDZ domain is surface oriented and 
binds an unknown interacting partner (Sacher et al., 2008). 
 
TRAPP II functions in late Golgi and acts on Ypt31/32 (Pinar et al., 2015).The TRAPP 
II-specific subunits Trs120 and Trs130/TRAPPC10 switch the GEF specificity of TRAPP from 
Ypt1 to Ypt31 in the late Golgi (Morozova et al., 2006). TRAPP II mediates the Golgi-to-post-
Golgi transition and acts as a GEF for the Rab Ypt31 using the subunit Trs65 and the Longin 
subunits Trs120 and Trs130 to bind Ypt31 at a site distinct from the Rab1 binding site (Pinar et 
al., 2015). This activation of Ypt31 is dependent upon PI4P and the lipid kinase Pik1 (Sciorra, 
2004).  
 
TRAPP III is comprised of the TRAPP I complex plus the subunit Trs85. TRAPP III acts 
on Ypt1 and binds the coat protein Sec23 and mediates membrane expansion during 
macroautophagy (Tan et al., 2013). Trs85 occupies a small area on one end of TRAPP I, leaving 
most of the TRAPP I surface still accessible for interactions with other proteins(Tan et al., 2013). 
Protein structure prediction identified a hidden Longin domain in Trs20/TRAPPC2 and it was 
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hypothesized that it and TRAPPC10 form a Longin domain dimer in TRAPP II that could 
interact with Rab11 (Levine et al., 2013b). Interestingly, large scale screens showed that 
TRAPPC10 is phosphorylated(Villén et al., 2007). The Longin domain containing subunit 
Trs20/TRAPPC2 exhibits homodimerization and this is controlled by a conformational switch in 
TRAPPC2 which may be regulated by phosphorylation at Ser119 and Ser124(Jeyabalan et al., 
2010). This homodimerization controls its nuclear localization (Jeyabalan et al., 2010) and 
association with transcription factors and nuclear import proteins. Homodimerization is 
potentially a control strategy in the Ragulator complex, as homodimerization of the Longin 
domain containing subunits is observed. However, the role of subunit phosphorylation and the 
newly discovered Longin domain on the activity of the TRAPP complex is still being 
investigated. 
 
 Membrane lipid gradients and the casein kinase Hrr1 Casein kinase Delta ensure 
directionality of transport by TRAPP in ER-Golgi traffic (Lord et al., 2011). Sec23 interacts 
sequentially with TRAPP I and Hrr25. Hrr25 displaces TRAPP from Sec23, and phosphorylates 
Sec23 and its binding partner Sec24 (Conibear, 2011). Phosphorylation of the coat protein Sec23 
reduces binding to TRAPP complex and allows final membrane fusion. 
 
Ragulator 
 
The Rag GTPases are heterodimeric G proteins that sense and integrate metabolic 
information to control activation of the cellular metabolic barometer mTOR. Rags normally form 
a dimer of Rag A/B and RagC/D. In the presence of amino acids, RagA/B GTPases become 
143 
 
GTP-loaded and RagC/D becomes bound to GDP (Groenewoud and Zwartkruis, 2013). 
Conversely, during nutrient deprivation, RagC/D is charged with GTP and the RagA/B GTPases 
become GDP-loaded. This coordination between GTP binding and nutrient state is controlled by 
the lysosomal V-ATPase-Ragulator complex, which is a common activator for AMPK and 
mTORC1, acts as a switch between catabolism and anabolism and is a central coordinator of 
Folliculin, and Ragulator (Zhang et al., 2014a). 
  
 Ragulator is the pentameric GEF of RagA/B (Bar-Peled et al., 2012). Longin related 
Roadblock domains are present in four out of five Ragulator subunits and all four Rag GTPases 
(Bar-Peled and Sabatini, 2014). Longin Domains are present in FOLCN-FNIP1, the GAP for 
RagC/D (Tsun et al., 2013) and Roadblock domains are present in the GATOR complex, the 
GAP for RagA/B (Bar-Peled et al., 2013).  
The Ragulator subunit P18/LAMTOR1 is modified with myristate and palmitate residues 
and binds the Ragulator to the lysosomal membrane (Nada et al., 2014; Zada et al., 2015). The 
Longin domain containing MP1-p14 heterodimer (Kurzbauer et al., 2004) binds to p18 on the 
surface of the lysosome. The b3 loop of p14 is required to target p14 to late endosomes 
(Kurzbauer et al., 2004) and p14 exhibits weak interaction with phosphoinositides (Qian et al., 
2005) with a preference for PI3P and PI4P that is strongly pH dependent. Subsequently, the 
Longin domain heterodimer LAMTOR4/LAMTOR5 binds to complete the structure that 
interacts with the Rag GTPases. LAMTOR5 can homodimerize (Garcia-Saez et al., 2011) 
similar to the TRAPP subunit TRAPPC4 (Jeyabalan et al., 2010) but the physiological 
significance of this is unknown. 
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In yeast, TORC1 is part of the vacuolar Ego complex which is comprised of Ego1, Ego3, 
Gtr1, and Gtr2. Localization of the Ego complex is regulated by the Rag homologs Gtr1 and Gtr2 
(Kira et al., 2015). The HOPS subunit Vps39 signals amino acid levels to Tor via the Ego 
complex (Binda et al., 2009). Ego1 is the yeast ortholog of LAMTOR1/p18 and is anchored the 
vacuole by an N-terminal lipid modification. Ego3 forms a homodimer that is similar to the 
heterodimer of LAMTOR2-LAMTOR3 (Zhang et al., 2012b). The Longin domain containing 
Ego2 and Ego4 are structurally homologous to LAMTOR4/LAMTOR5 but have no sequence 
similarity. Ego2 plays a central role in scaffolding and is necessary for the interaction of Ego1 
and Ego3 (Powis et al., 2015). 
 
Folliculin 
 
Folliculin is conserved throughout eukarya (Pacitto et al., 2015) and is important in the 
integration of AMPK and TOR signaling (Baba et al., 2006). Folliculin responds to nutrient 
availability (Yan et al., 2014a), hypoxia (Yan et al., 2014b), and osmotic conditions (Possik et 
al., 2015). Folliculin has multiple important cellular roles. Folliculin functions as a GEF for 
Rab35, acts as a GAP for RagC/D, and helps control initiation of autophagy at nascent 
phagosomes. These activities occur in distinct locations and functional complexes, which are 
influenced by membrane association and phosphorylation. Folliculin functions in partnership 
with its binding partners, FNIP1 (Baba et al., 2006) or FNIP2 (Hasumi et al., 2008; Takagi et al., 
2008).  
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In nutrient rich conditions Folliculin-FNIP1/2 is recruited to lysosomes (Petit et al., 2013) 
where it functions as a GAP for Rag C/D (Tsun et al., 2013). The GAP activity is dependent 
upon the FLCN binding partner with the FLCN-FNIP1 complex is less active than FLCN-FNIP2 
and a substrate preference for RagD over RagC (Tsun et al., 2013). A DENN domain GEF for 
Rab35 is present in the Folliculin carboxy-terminus (Nookala et al., 2012) and helps regulate a 
fast recycling pathway (Chaineau et al., 2013) from early endosomes. The DENN domain 
exhibits a strong affinity for anionic phosphoinositides especially PI3P (Allaire et al., 2010; 
Marat et al., 2011).  
 
 Folliculins activities are extensively regulated by phosphorylation. Folliculin is 
phosphorylated at Ser62 in a cell cycle dependent manner (Laviolette et al., 2013). 
Phosphorylation at Ser62 and Ser302 are differently regulated by TOR-dependent pathways, 
specifically modulation of Tuberin or Rheb expression (Piao et al., 2009). A phosphomimetic 
mutation of Ser62 enhanced the formation of the FLCN–AMPK complex while a Ser302 
phosphomimetic mutant inhibits FLCN–AMPK1 complex formation (Piao et al., 2009) FNIP1 
binds to the C terminus of FLCN and to AMPK (Baba et al., 2006) as does FNIP2 (Hasumi et 
al., 2008). AMPK interacts with FNIP1 and phosphorylates both FNIP1 and FLCN (Baba et al., 
2006). Binding with FLCN- FNIP1 and FNIP2/FNIPL increases Ser62 phosphorylation to 
regulate the formation of the FLCN–AMPK–FNIP complex (Wang et al., 2010).  
  
Arf6 and Rab35 function in a mutually antagonistic manner to regulate the endocytosis, 
sorting and recycling of adhesion molecules, and control cell migration (Allaire et al., 2013). 
This is potentially because of competition for the same GEF. A putative Arf6 GEF was recently 
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identified in the tail of AMPK (Hsu et al., 2015). If locked in the FLCN–AMPK–FNIP complex 
(Wang et al., 2010) it would be unable to perform its function as an Arf6 GEF. FLCN also 
regulates autophagy (Zhang et al., 2014c) by interactions with a component of the autophagy 
machinery, GABA(A) receptor-associated protein (GABARAP), which is related to yeast Atg8. 
GABARAP is lipid modified and becomes membrane associated at nascent autophagosomes 
(Kabeya et al., 2004), which subsequently mature and fuse with the lysosome for 
degradation(McEwan et al., 2015). Interaction between FLCN and GABARAP requires FNIP1/2 
and FNIP2 enhanced the interaction (Dunlop et al., 2014). This interaction is regulated by 
ULK1, a mammalian ortholog of the autophagy initiating kinase Atg1. ULK1 is regulated via 
opposing phosphorylation by AMPK and TOR (Kim et al., 2011). AMPK phosphorylation of 
ULK1 promotes autophagy while TOR phosphorylates UVRAG and ULK1 to negatively 
regulate autophagy and override AMPK signaling (Kim et al., 2015). Overexpression of ULK1 
resulted in phosphorylation of FLCN at Ser406, Ser537, and Ser542(Dunlop et al., 2014). This 
phosphorylation inhibits formation of the GABARAP FLCN complex while it enhanced the 
formation of the FLCN–AMPK complex.  
 
MON1-CCZ1 
 
Mon1-Ccz1 is a Longin domain heterodimer that functions as the GEF for Rab7/Rab7 
(Nordmann et al., 2010). Mon1-Ccz1 functions in conjunction with the CORVET/HOPS 
tethering complexes. The Rab binding surface of Mon1-Ccz1 is a hydrophobic groove formed by 
the interface of the two Longin domains. Like other Longin domain heterodimers the underside 
is hydrophobic with affinity for membrane phosphoinositides and binds PI3P(Kurzbauer et al., 
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2004), (Lawrence et al., 2014). PI3P stabilizes Mon1- Ccz1 on membranes and stimulates Mon1-
Ccz1 GEF activity (Cabrera et al., 2014). The Rab1 interaction surface of the TRAPPI complex 
has high homology to the Mon1-Ccz1 Rab7 interface and was used to model the Mon1-Ccz1 
complex (Cabrera et al., 2014). This model, and directed mutagenesis experiments, identified the 
Mon1 helix H1, the S1- S2 region, and the Ccz1 H1 region as necessary for interaction with the 
Rab7-GDP (Cabrera et al., 2014). The TRAPP complex activates Ypt1 by inserting an acidic 
residue into the Longin heterodimer to expel the nucleotide phosphate group (Langemeyer et al., 
2014). GEF activity of Mon1-Ccz1 is increased on PI3P membranes, but was not affected by the 
presence of the HOPS complex (Cabrera et al., 2014), suggesting the activating residue is 
endogenous to the Mon1-Ccz1 dimer or it requires a sub-complex of HOPS. 
 
Auto-inhibition of GEFs  is typically mediated by domains in in the N- or C-terminus of 
the catalytic domain, rather than linker regions (Cherfils and Zeghouf, 2013). Regulatory 
sequences responding to anionic phospholipids are typically charged motifs, which are conserved 
throughout evolution. The N terminus of Mon1 contains a long polybasic motif that interacts 
with the HOPS subunit Vps39 (Plemel et al., 2011a), but could also be involved in binding 
acidic membrane lipids. Alternatively, Ccz1 has a conserved highly acidic motif from 270-307 
that may help alter conformation in the presence of PI3P. 
  
Mon1-Ccz1 operates in conjunction with the CORVET/HOPS tethering complexes in the 
membrane environment of the early endosome. The tethering complexes CORVET and HOPS 
catalyze the stages of Rab dependent endolysosomal trafficking (Kramer and Ungermann, 2011) 
and membrane fusion (Pieren et al., 2010). Early endosomes marked by a Rab5/Vps21 tether and 
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the regulatory lipid PI3P mature to late endosome/lysosomes and recruit Rab7 (Poteryaev et al., 
2010; Huotari and Helenius, 2011). CORVET is tethered to early endosomes (Balderhaar et al., 
2013) by Rab5 (Peplowska et al., 2007). HOPS is tethered to late endosomes and the vacuole by 
Rab7 (Ostrowicz et al., 2010). Recruitment of Mon1-Ccz1 interrupts activation of Rab5, while 
Rab7 is recruited to the transitioning endosome (Kinchen and Ravichandran, 2010; Poteryaev et 
al., 2010). This mechanism is dependent on the regulatory lipid PI3P, and depletion of PI3P 
inhibits organelle maturation (Poteryaev et al., 2010).  
Like many other Rab GTPases Mon1-Ccz1 uses a RAB Gap cascade to control 
endosomal maturation in both C. elegans (Kinchen and Ravichandran, 2010) and S. cerevisiae 
(Nordmann et al., 2010). Mon1-Ccz1 is recruited to the CORVET complex by Rab5-GTP. 
Vps21/Rab5-GTP is then inactivated by HOPS dependent recruitment of the Rab5 GAP, Msb3 
(Rana et al., 2015).  
 
Rab GAP cascades are often coordinated by phosphoinositide (Jean and Kiger, 2012). In 
the endolysosomal lipid cascade, the PI 3-kinase Vps34 is recruited by Rab5 positive endosomes 
(Shin et al., 2005). Vps34 acts in complex with p150 (Vps15 in yeast) and Beclin-1. On 
endosomes this complex binds UVRAG to associate with the HOPS complex (Liang et al., 
2008).  
 Deletion of the PA phosphatase Pah1 caused an arrest in vacuole maturation that was 
characterized by the exclusion of Ypt7  and the HOPS subunit Vps39, which interacts with 
Mon1-Ccz1 (Nordmann et al., 2010)  This was accompanied by a reduction in the GEF Mon1-
Ccz1 as well as the PI 3-kinase Vps34 and its product, PI3P, which regulates Mon1 GEF 
activity(Lawrence et al., 2014).  
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Thus, we hypothesized that Pah1 creates the environment that is favorable for Mon1-
Ccz1 activity by facilitating Vps34 recruitment and its subsequent activation. It was 
subsequently shown that that this is relevant in higher eukaryotes as the ortholog of Pah1, Lipin-
1, is required for maturation of auto-lysosomes by activation of a Vps34 signaling cascade 
(Zhang et al., 2014b).  
 
HOPS assembly 
 
Experiments exploring the assembly of the HOPS complex give insight into the potential 
mechanism of assembly and exchange or conversion of the CORVET complex for HOPS 
(Ostrowicz et al., 2010). Mon1 interacts with Rab7 and Vps39 independently of Ccz1 
(Nordmann et al., 2010) and Mon1 binds to Vps39 but not when Vps39 is bound in the HOPs 
complex (Plemel et al., 2011b). Vps39 binds Rab7 independently of the nucleotide status 
(Ostrowicz et al., 2010) while Vps41 bind exclusively Ypt7-GTP. Vps41 provides the Rab-GTP 
binding site and binds on opposite end of the flexible HOPS complex (Brocker et al., 2012). 
Experiments suggest that Vps39 is tightly bound to the vacuole, whereas Vps41 is more mobile 
and this difference is dependent upon Rab binding (Auffarth et al., 2014). Lastly, it is possible to 
assemble a Vps41-Vps3 hybrid complex but not a Vps8-Vps39 containing hybrid (Ostrowicz et 
al., 2010) indicating that Vps39 can only enter the complex after Vps8 has departed. This 
evidence supports a model where HOPS is assembled around Vps39 and in the approximate 
following order: 1. Mon1-Ccz1 is recruited by Vps21-GTP bound to Vps8 in the CORVET 
complex; 2. Vps39 scaffolds the Mon1-Ccz1 dependent activation of Ypt7 in association with 
CORVET, UVRAG, and Vps34; 3. Vps8 departs; 4. Vps41 enters; 5. Ypt7-GTP binds Vps41 
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and Vps39 displaces Vps3 in CORVET/HOPS.  This mechanism sequentially coordinates Rab 
charging with complex assembly and subsequent tethering and fusion and agrees well with the 
literature.  
 
Metabolic Regulation of Assembly 
 
The Rab7 charging step has multiple regulatory inputs from cellular metabolism, 
increasing or decreasing the rate to meet the needs of the cell. This is communicated by the 
endosomal lipids and HOPS subunit phosphorylation. DAG was recently shown to be an 
important signal in autophagy (Shahnazari et al., 2010). Inhibition of Tor enriches Pah1/Lipin1 
on the lysosome/vacuole (Peterson et al., 2011) and Tor modulates the location and activity of 
Pah1 by regulating the activity of the Nem1/Spo7 phosphatase (Dubots et al., 2014). 
Tor also regulates the association and activity of Vps34. TOR inhibits autophagy by 
phosphorylating UVRAG, which prevents the association of UVRAG and Vps34 with the HOPS 
complex. TOR inhibition, and subsequent de-phosphorylation of UVRAG, increases its 
interaction with the HOPS complex (Kim et al., 2015) and increases Vps34 PI3K activity to 
promote autophagosome progression (Jaber and Zong, 2013). 
  
Recently, it was shown that Vps39 and Rab7 form a nutrient dependent 
mitochondria/lysosome interface (Hönscher et al., 2014) which function in metabolic 
communication and lipid transport between the lysosome and mitochondrion (Elbaz-Alon et al., 
2014). The interfaces are lost during respiration on glycerol and restored upon switching to 
growth on glucose (Hönscher et al., 2014). Interface formation is negatively regulated by 
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phosphorylation of Vps39 in glycerol-grown cells. Residues Ser246, Ser247, Ser249, and Ser250 
within the Vps39 N-terminus are phosphorylated by AMPK (Hönscher et al., 2014).  
This phosphorylation site overlaps with both the domain interacting with the Mon1 N-
terminus and the interaction domains Vps18 and Vps41 (Nordmann et al., 2010; Plemel et al., 
2011b). The N-terminus of Mon1 contains a long polybasic motif that overlaps with the Vps39 
AMPK phosphorylation site. Phosphorylation may be involved in regulation Mon1 binding to 
Vps39 or increasing the activity of Mon1 by relieving auto-inhibition. How this alters the 
behavior of Vps39 in the HOPs complex is unknown. Both AMPK and TOR regulate autophagy 
by phosphorylation of Atg1/ULK1, it is interesting that this duality is maintained in the 
regulatory lipids and enzymes of the HOPS complex. 
 
Osmotic dependent regulation 
 
Hyperosmotic shock results in a rapid increase of vacuolar PI(3,5)P2 and vacuole 
fragmentation. Immediate re-fusion is blocked by an osmotic dependent kinase which inhibits 
tethering (Brett and Merz, 2008). Yck3 was known to phosphorylate both the Vps41 subunit of 
HOPS(Cabrera et al., 2010b) and the Vam3 SNARE (LaGrassa, 2005). Phosphorylation by Yck3 
blocks HOPS binding to membrane lipids, making HOPS membrane association dependent on 
Ypt7 (Hickey et al., 2009). 
While investigating Mon1-Ccz1 binding to membranes we found that Yck3 
phosphorylated Mon1 and this modification leads to the release of Phospho-Mon1 from the 
membrane. The release of Mon1 was blocked when Yck3 was absent or when the casein kinase 
phosphorylation sites on Mon1 were mutated. Mass spectrometric analysis of Mon1 from 
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osmotically shocked cells revealed that Yck3 phosphorylates Mon1 at Ser234, within the 
interface of Mon1-Ccz1. We asked if phosphorylation causes dissociation. Pulldowns of Tap-
Tagged Ccz1 and Tap-Tagged Mon1 from cytosolic fractions of osmotically shocked cells 
indicated that Ccz1 did not associate with phosphorylated Mon1. Mass spectrometry analysis 
shows that there are 4 times as many of Mon1 molecules as there are Ccz1 molecules in the cell 
(Kulak et al., 2014). This suggests a mechanism where Mon1 may potentially be recruited to 
Ccz1 that is already associated with Rab5-GTP.  
 
Loss of Yck3 results in loss of Rab7 sensitivity to its GAP and GDI proteins, which is 
restored upon addition of recombinant Yck3. Rab7 interaction with GAPs and GDIs involves 
interacting with their RAB substrate by switch I and II (Gabe Lee et al., 2009; Barr and 
Lambright, 2010). This suggests that Vps41 binds Ypt7 tightly until being phosphorylated by 
lysosomal Yck3 upon which GAPs are able to interact with Ypt7. It is unlikely that Mon1-Ccz1 
is retained by the HOPS complex and helps shield Ypt7 from the GAP as Mon1 doesn’t binds 
Vps39 when it is bound in the HOPS complex(Plemel et al., 2011b). 
 
Vps41 contains an amphipathic lipid packaging sensor (ALPS) motif which binds curved 
endosomal membranes (Cabrera et al., 2010a). At the vacuole the ALPS motif is phosphorylated 
by Yck3. Vps41 also functions in the AP-3 Transport pathway, a protein transport system for 
lysosomal related organelles (Cabrera et al., 2010a). Yck3 dependent phosphorylation of Vps41 
exposes an AP-3–binding site in Vps41, which then can bind AP-3 vesicles. Phosphorylation of 
Vps41 by Yck3 confers an absolute requirement for Rab7-GTP for vacuole docking and fusion 
(Zick and Wickner, 2012) This ensures that AP-3 vesicles can only fuse with vacuoles but not 
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with endosomes. In this way, Yck3 helps confer directionality of transport and initiation of 
recycling upon reaching the terminal destination, much like the actions of casein kinase Hrr1 on 
the TRAPP complex (Conibear, 2011). Yck3 also phosphorylates the SNARE Vam3. This 
phosphorylation is in the acidic dileucine sorting motif required for recycling via the AP-3 
pathway (Darsow et al., 1998). Thus, upon phosphorylation, Vam3 may separate from lysosomal 
Qabc SNARE pools for recycling.. 
 
Alternative functions and substrates  
In multisubunit Longin domain GEFs such as Folliculin, the TRAPP complex, and 
Ragulator, a common theme is modular Longin domains and a controlled sequence of 
interactions orchestrated by membrane lipids and phosphorylation. It is possible that HOPS has 
additional functions or unknown substrates after the lysosome becomes enriched in PI(3,5)P2 or 
phosphatidic acid, or following post translational modification of the HOPS subunits. The 
binding partner of Mon1, Ccz1, has important cellular functions distinct from HOPS. In C. 
elegans, CCZ-1 doesn’t partner with Mon1/SAND-1 and is believed to function with the GLO-3 
upstream of the GLO-1 Rab (Delahaye et al., 2014). Ccz1 is known to go to the nucleus and 
participate in gene transcription. In yeast, Ccz1 acts in control of the cell cycle and is known to 
interact with the RNA transcription machinery, specifically SAGA (Lee et al., 2011). There are 
other examples of Longin domain GEFs migrating to the nucleus to control gene transcription. 
The Longin domain containing TRAPP subunit Trs20p/Sedlin/TRAPPC2 exhibits 
homodimerization which controls its nuclear import and association with transcription factors 
(Jeyabalan et al., 2010).  
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An enticing possible alternative substrate is the Rheb GTPase (Ras Homolog Enriched in 
Brain). Rheb is remarkable both for its physiological importance in the integration of metabolic 
information and for its lack of a known GEF (Aspuria and Tamanoi, 2004; Groenewoud and 
Zwartkruis, 2013; Heard et al., 2014). Four main inputs regulate mTORC1(Durán and Hall, 
2012) and Rheb helps sense and integrate metabolic information from diverse primordial sources 
including redox state (Yoshida et al., 2011), glutamine levels (Jewell et al., 2015) and glycolytic 
flux (Lee et al., 2009). Rheb signals to Tor downstream of Rag GTPases (Sancak et al., 2010) 
and activates mTOR by sequestering its inhibitor FKBP38 (Ma et al., 2008). Structurally, Rheb 
exhibits high similarity to other small GTPases, with a closer resemblance to Ras than to Rab5. 
However, there is a high degree of sequence conservation in the Ras superfamily and Rab 
subfamily (Rojas et al., 2012). Rheb and Rabs share evolutionary function and localization. In 
yeast, Rheb regulates sorting and recycling of amino acid transporters such as the permease Cat1 
(Aspuria and Tamanoi, 2008). Many CORVET and HOPS subunits contain ubiquitin ligases 
motifs typically present in protein sorting enzymes and act in sorting and recycling. HOPS and 
Rheb are present in the same lipid microdomains. Co-localization of Rheb and mTORC1 enables 
activation of mTORC1 by Rheb (Fawal et al., 2015). Tor is recruited to puncta positive for Rab7 
(Kaufman and Malhotra, 2014) and Rheb activates Tor downstream of PLD1 on lysosomal PI3P 
produced by VPS34 (Yoon et al., 2011).  Rheb (Melser et al., 2013) and  Vps39  both migrate to 
mitochondria during high metabolic flux and Rheb physically interacts with Vps39 (Elbaz-Alon 
et al., 2014). Rheb is capable of physically interacting with Rab GEFs and GAPs. The Rab8 GEF 
Rabin8, interacts with Rheb to inhibit downstream activation of the Tor pathway (Parkhitko et 
al., 2011). Similarly, the GAP for Rheb, TSC2, can activate GTP hydrolysis by Rab5 (Xiao et 
al., 1997). 
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Finally, similar to Rab35 and Arf6, which compete for a single GEF, Rab7 and Rheb are 
also mutually antagonistic and inhibit each other’s function. Rab7–GTP binds the retromer 
complex (Balderhaar and Ungermann, 2013) and promotes dynein dependent retrograde 
transport via ORPL1, Dynactin and RILP (Hyttinen et al., 2013). Activated Rheb inhibits dynein 
transport of misfolded proteins and controls aggresome formation (Zhou et al., 2009). 
These observations strengthen the hypothesis that Vps39 and/or Mon1 in partner with an 
alternate Longin domain or an alternative conformation of HOPS may be the GEF for the Rheb 
GTPase. 
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